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In parts of the northern Rocky Mountains, high intensity 
crown fires have replaced the low and mixed intensity fires 
that shaped pre-settlement forest composition and structure 
Many stands possess an unprecedented canopy structure that 
may predispose them to crown fires. Silvicultural 
guidelines to remedy this condition are lacking. 
In this model-based study, an investigation of the 
relationship between forest stand structure and crown fire 
behavior was conducted for common forest types of the 
northern Rocky Mountains. Structures that prevent crown 
fires were identified using the Van Wagner crown fire model 
in conjunction with the BEHAVE surface fire behavior model. 
The PROGNOSIS stand growth model was used to assess crown 
fire hazard during stand development. 
Results indicate that silvicultural opportunities exist 
for preventing crown fires by modifying stand structure. 
Crown base heights that prevent crown ignition are 
presented, as are crown bulk densities that prevent crown 
fire spread. Single-cohort stands were found to outgrow 
crown fire potential over time, with differences by forest 
type. Treatments such as pruning and low thinning are 
recommended for achieving structures that are resistant to 
crown fires. 
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INTRODUCTION 
The purpose of silviculture was early defined as "the 
production and maintenance of such a forest as shall best 
fulfill the objects of the owner (Hawley, 1929)." As the 
forestry discipline with the ability to shape forest stand 
structure and development, silviculture is the executor of 
forest management objectives. Traditionally, management 
objectives on many ownerships have emphasized timber 
production. There are indications, however, that in coming 
years silviculturists will be called upon to design forest 
stand structures for an expanding array of objectives 
(O'Hara et al., 1994). One such objective may be the 
prevention of catastrophic forest fires. 
Crown fires, high intensity wildfires that advance 
through the crown fuel layer, are often catastrophic. Crown 
fires are the type of wildland fire least predictable in 
behavior, most violent in nature, and most difficult and 
dangerous to suppress. They are relatively rare, yet during 
a typical fire season the majority of area burned is the 
result of only a few such fires (Heinselman, 1973; Tande 
1979) . 
There is growing concern that in recent decades the 
frequency of catastrophic fires has risen to a 
disproportionate level, and that these fires are replacing 
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the type of low-intensity surface fires under which many of 
the region's forests evolved (Agee, 1993; Barrett, 1988; 
Steele et al., 1986). 
This phenomenon has followed a transformation in the 
structure of many western forests toward greater densities 
and more pronounced understories, a trend that is by many 
standards beyond the historic range of variation. 
Characteristic of this trend, one 1906 study plot on the 
Boise National Forest has undergone an increase in density 
from 29 trees per acre (72 trees per hectare) to 533 trees 
per acre (1317 trees per hectare) (Adams, 1995). The 
changes in composition of these same forests has also been 
drastic. In Idaho, for example, a 35-year period witnessed 
the increase of Douglas-fir and true firs by 15 and 60 
percent; meanwhile, ponderosa pine and western white pine 
declined 60 and 40 percent (Adams, 1995). 
Although forest stand structure has been acknowledged 
as integral to the development of crown fire behavior, the 
relationship between these two has not been fully explored. 
Because silvicultural tools were constructed largely out of 
the need to produce wood crops, not prevent wildfires, 
silviculturists still lack quantitative guidelines for 
creating and maintaining crown fire resistant stands. 
Research from the fields of fire behavior and forest 
growth and yield has produced key elements that may allow 
for understanding the interrelationship of stand structure 
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and crown fire hazard. In an effort to unite these 
elements, this study examines the physical relationship 
between stand structure and fire behavior, quantifies crown 
fire hazard during normal stand development, and describes 
means of creating and maintaining stand structures resistant 
to crown fires. 
The problem addressed by this study is not a new one. 
In the United States, the issue of fires and forests is as 
old as forestry itself. Nearly 100 years ago, pioneering 
forester Gifford Pinchot conceded our limited understanding 
of the relationship between forests and wildfire, stating 
that "only through a knowledge of this relation and through 
the insight which such knowledge brings can there be gained 
a clear and full conception of why and how fires do harm, 
and how best they may be prevented (Pinchot, 1899)." Six 
decades of research into fire behavior has provided few 
clues about crown fire prevention. Nevertheless, even our 
limited understanding of crown fire behavior indicates that 
silviculturists, as architects of forest stands, are in a 
unique position to design structures that prevent crown 
fires from occurring. It is hoped that the results of this 
study will enable silviculturists to better address the 
issue of crown fire in their stand management prescriptions. 
Historical Background 
The origin of the current fire hazard situation is 
4 
Strongly linked to the history of forest fire control in the 
United States, and parallels the development of the United 
States Forest Service. 
The Forest Service was created in 1905. As caretaker 
of most federal forest lands, the Forest Service held the 
responsibility of protecting the resources under its 
guardianship from threats that included wildfire. Earlier 
conflagrations such as the Peshtigo fire of 1871, which 
destroyed the town of Peshtigo, Wisconsin, killed 1,200 
people, and scorched 2 million acres (800 thousand hectares) 
of white pine forests (Boesch, 1975), had focused public 
attention to the threat of wildfires. In 1910, the Forest 
Service encountered its first test when some of the worst 
fires in American history swept through the northern Rocky 
Mountains, killing 187 people and burning several million 
acres (hectares) of forest in western Montana and the Idaho 
panhandle (Boesch, 1975). These fires quickly identified 
the Forest Service as a fire control agency (Pyne 1988). 
In the years following the 1910 fires, the Forest 
Service pioneered numerous fire control measures, including 
fire lookout towers, backcountry telephone lines, and a 
network of roads, bridges and trails. Later, the Forest 
Service developed the use of aircraft in fire detection and 
attack, using planes to airlift supplies, drop smokejumpers, 
and drop water and retardant on fires. This succession of 
advancements appeared to pay great dividends. For thirty 
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years between the 1930s and 1960s, annual burned area 
decreased continuously (Boesch, 1975). 
Outbreaks of intense wildfires beginning in the late 
1960s, after decades of increasing success with fire 
control, called for review of wildland fire policy. 
Attention refocused on the ecological role of fire in 
western forests. 
Ironically, the importance of fires in western forests 
had been recognized many years prior. In an 1899 National 
Geographic article, Gifford Pinchot summarized knowledge of 
western fire ecology, describing the relationship of fire 
with California's giant sequoias, the Pacific northwest's 
Douglas-fir, and the northern Rockies' western larch. In an 
early display of disturbance ecology, Pinchot (1899) cited 
John Muir as one naturalist who, "grouped fire with 
temperature and moisture as one of the great factors which 
govern the distribution and character of forest growth." 
One early proponent of the use of fire in forest 
management was Yale professor H. H. Chapman. An original 
faculty member of the Yale School of Forestry, Chapman had 
advocated the use of prescribed fire to promote longleaf 
pine regeneration in the southeastern United States. 
However, fire proponents such as Chapman had been 
outnumbered by social and economic interests arguing for 
fire control to prevent repeats of conflagrations like the 
Peshtigo fire and the 1910 northwest fires (Pyne, 1988). 
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In the 1970s and 1980s a revisionist approach to fire 
management began to take hold. Minnich (1983) argued that 
the United States fire management policy led directly to 
greater variation in fire sizes due to more extreme fire 
behavior. The 1988 fire season, characterized by the 
inferno at Yellowstone National Park, confirmed this belief 
for many. 
A conviction that fire suppression was contributing to 
undesirable long-term results spurred research targeted at 
understanding the effects of fire suppression on the 
structure and composition of forests. A growing body of 
literature indicates that forests with short fire return 
intervals - or periods of time between fire occurrences -
have experienced an understory buildup beyond traditional 
levels. Such forests evolved under fire regimes, some as 
short as 5 to 10 years (Arno 1980), that repeatedly 
forestalled encroachment by shade-tolerant species and kept 
the understory relatively open. The duration of the fire-
free period directly impacted vertical and horizontal stand 
structure, regulating both volume and arrangement of these 
live, aerial fuels (Heinselman, 1981). Removing fire, the 
primary agent of disturbance in these forests, has led in 
large part to high stand densities (horizontal structure) 
and the development of an understory (vertical structure) 
that together may predispose stands to catastrophic fires 
that are, from a historical perspective, of unnatural 
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intensity. 
Not all forests have undergone structural changes to 
the same extent. The effect of fire suppression differs 
among forest types according to their historic fire regime. 
It has been proposed that in forest types prone to high-
intensity fires, the impacts of fire suppression have been 
less significant, since these forests presumably 
experienced regular fuel buildup and stem ongrowth during 
the long period between fires (Habeck, 1985). However, even 
these forest types experience surface fires that made 
partial reductions in live and dead fuel. At the landscape 
scale, all stands are at greater risk of crown fire if 
adjacent stands experience modifications in structure that 
make them more vulnerable. 
Justification 
Besides restoring ecosystem function, economic and 
social concerns may warrant the active prevention of crown 
fires, or their occurrence under planned and controlled 
conditions. From both an ecological and socio-economic 
standpoint, an increase in the number of uncontrollable, 
devastating conflagrations is a serious concern. 
There is a greater volume of timber at risk of being 
damaged or lost. In the northern Rockies, it is estimated 
that 1% of the largest fires are responsible for 94% of the 
total area burned (Strauss et al., 1989). Only one in ten 
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forest fires is a crown fire (Albini and Stocks, 1986), yet 
it is the relatively small number of crovm fires that 
annually cause the majority of timber value losses (Albini 
and Stocks, 1986) . 
Increasing crown fires may eventually promote the 
liquidation of privately held forest assets. It was in part 
the threat posed by wildfires that promoted 19th century 
'timber mining' practices. Only after fire control agencies 
were in place to protect forest investments could the 
practice of forest management take hold. An increased risk 
of wildfires may discourage investments in long-term, 
sustained-yield management. 
There is an increased danger to life and personal 
property in the expanding urban-wildland interface. This 
danger will expand rapidly in coming years if the population 
movement from urban to rural living continues as anticipated 
(Baden, 1992) . 
There are greater costs incurred and risks encountered 
in the suppression of wildland fires by firefighting forces. 
Canada and the continental United States attempt control 
over 300,000 wildfires annually (Albini and Stocks, 1986). 
Although only 10% of these wildfires are crown fires, this 
small proportion accounts for about 90% of the total area 
burned (Albini and Stocks, 1986), an indication of both the 
rapid spread of crown fires and the tactical difficulty 
involved in their suppression. 
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At the site level, high intensity fires have the 
capacity to reduce soil infiltration and porosity, and 
expose soils to increased surface erosion which may result 
in long-term reduction of site productivity (Hungerford et 
al., 1991). The extensive elimination of vegetation 
adversely affects fisheries via increased storm runoff and 
sediment, as well as the reduced cover (Kaczynski, 1995). 
Crown fires generally result in drastic alterations to 
wildlife habitat and pose an immediate threat of mortality 
to wildlife populations, two issues with particular 
relevance to endangered species management (Agee, 1995) . 
Smoke emissions from crown fires contain toxic 
pollutants and particulate which reduce visibility and could 
pose hazards to human health (Schaaf, 1995; Babbitt et al., 
1994). These conflagrations may in the long run lead to an 
effective increase in global atmospheric carbon levels 
through emissions of carbon dioxide, a known 'greenhouse 
gas' that contributes to global warming. 
OBJECTIVES 
The United States Environmental Protection Agency (EPA) 
commissioned this study to determine the feasibility of 
adopting silvicultural treatments to create structures that 
mitigate crown fire hazard in northern Rocky Mountain 
forests. In conjunction with the USDA Forest Service, the 
EPA is investigating forest policy options for mitigating 
global climate change (Haynes et al., 1994; EPA Climate 
Change Division, 1995), the emphasis of which is on carbon 
sequestration by American forests. Several forest 
management opportunities exist for increasing the area or 
efficiency of forestland carbon storage, or for reducing 
carbon dioxide emissions. For example, one proposed 
strategy would call for the establishment of a widespread 
tree planting program. An alternative strategy could 
attempt to prevent carbon-effusing wildfires by a program of 
pro-active silviculture. Consideration of such a strategy 
would first require an understanding of crown fires and 
stand structure development. This goal was the basis for 
the funding of this study. Specifically, the study 
objectives are as follows: 
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1. For the region's most common forest cover types, 
quantify attributes of vertical and horizontal 
structure that prevent crown fire occurrence. 
2. Determine the pattern of crown fire potential 
during stand development. 
3. Describe silvicultural options to reduce the 
occurrence of crown fires. 
These objectives require the analysis of wildland fire as it 
interacts with stand structure to create the conditions 
requisite for crown fire behavior. Such an approach, with 
its emphasis on stand structure, stand development, and 
silvicultural treatment, has not previously been attempted. 
This study combines aspects of fire behavior and stand 
development prediction models to estimate the changing trend 
in crown fire hazard among the region's primary forest cover 
types. The study is theoretical, and results are linked to 
the assumptions associated with each of the models upon 
which the study is based. Some of these assumptions are 
discussed herein, but the original documentation should be 
consulted for more detailed consideration. 
LITERATURE REVIEW 
Due to the complex and confounded nature of crown 
fires, models for predicting their occurrence and behavior 
have proven elusive. This chapter reviews the major works 
related to crown fires, research that has progressively-
improved our limited understanding of crown fire occurrence, 
and our ability to estimate crown fire potential. 
The influence of certain weather conditions on 
increasing crown fire probability has long been observed by 
fire managers. The Burning Index, Keetch-Byram Index, and 
Haines Index are empirical fire danger indices based on 
temperature, precipitation, relative humidity, windspeed and 
other parameters that correlate with periods of high-
intensity fire activity. Fire danger rating systems such as 
those used by Canada and the United States are based on 
indices such as these. These indices, while useful for 
predicting the likelihood of crown fire activity on a 
regional basis, are not satisfactory in explaining why some 
stands experience crown fires and others experience only 
surface fires. 
Before crown fire behavior could be understood, 
research was needed to first explain the simpler issue of 
surface fires. Beginning in the 1960s, Rothermel was 
developing mathematical equations to describe the spread of 
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fires burning in surface fuels (Rothermel and Anderson 1966, 
Rothermel 1972) using variables related to fuel loading, 
weather, and site. This study would grow into a system of 
nomograms for predicting surface fire behavior (Rothermel 
1983) and later provided the basis for the computer model 
BEHAVE (Andrews, 1986). The quantitative prediction ability 
of this computer model was restricted to fires burning in 
uniform surface fuels. However, Rothermel linked surface 
fire spread rate and heat per unit area to a set of 
subjectively-derived fire severity thresholds (Roussopoulos 
and Johnson, 1975), and provided nomograms designed to 
predict the onset of crowning. These nomograms downplayed 
stand structure, instead emphasizing surface fire behavior 
and its contributory factors. 
The first crown fire model based on attributes of stand 
structure became available in 1970. The importance of stand 
structure on fire behavior had been recognized earlier in 
the concept of 'fuel ladders' (Byram, 1954). This term 
referred to the arrangement of tree foliage in a vertical 
continuity that appeared to provide fire with a pathway for 
ascension into overstory tree crowns. Using a crown fire 
definition of "fire advancing from crown to crown", 
Fahnestock (1970) offered an ordinal crowning potential key 
that rated stands from 0 to 10 based on general crown 
structure observations, including crown density and the 
abundance of ladder fuels. Stands with dense and well-
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Stratified crowns were given a rating of ten, whereas less 
dense or less stratified stands were assigned a lower 
rating. Fahnestock noted surface fuel volume and weather 
conditions as factors that assist crowning, and slope and 
wind as prerequisites for crowning, but based his key -
which is still in use today - solely on characteristics of 
stand structure. 
Despite these efforts, however, there was yet no 
integration of the multiple crown fire factors to predict 
the occurrence of crown fires. As late as 1970 it was still 
conceded that, "No technique is available for calculating 
the mathematical probability that a fire will crown under 
given conditions" (Fahnestock, 1970). 
Theorizing crown fire occurrence as the result of 
certain surface fire and crown structure conditions. Van 
Wagner (1977) established a framework of criteria that 
together would determine a stand's capacity for crowning. 
An extrapolation of combustion principles to the tree and 
stand scale, this model was founded in the physical transfer 
of flame between bodies, rather than empirical relationships 
of observed fire behavior. The Van Wagner theory delineates 
crown fire into two parts: crown ignition and crown fire 
spread. Crown ignition, or crown fire initiation, refers to 
the vertical transfer of flame from surface fires into the 
tree crowns. Crown fire spread refers to the horizontal 
transfer of flame between tree crowns. The factors that 
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contribute to these events are detailed in chapter 5.1. 
The Van Wagner theory was elucidated by Alexander 
(1988), who used it to assemble a dichotomous key and series 
of nomograms to facilitate crown fire prediction. The 
theory has not been extensively tested, but has gained wide 
acceptance by the fire science community (Albini and Stocks, 
1986; Johnson, 1992; Pyne, 1984; Chandler et al. , 1983). It 
forms the basis for the prediction of crown fire occurrence 
and spread in the FARSITE Fire Spread Simulator (Finney, 
1993; Finney 1996). 
STUDY AREA 
The study focuses on some of the most common forest 
cover types of the northern Rocky Mountain region, following 
the cover type definitions established by the Society of 
American Foresters (1980) . Cover types describe existing 
tree cover and are different from plant associations and 
habitat types, which refer to potential natural vegetation. 
For this study, some types are joined together for a total 
of five groups (Table 1). The abbreviations for these cover 
types are used throughout the text. Scientific names of the 
tree species included in this study are listed in Appendix 
A. 
Table 1. Forest cover types included in the study. 
Cover Type Abbreviation SAP # 
ponderosa pine PP 237 
western larch & Douglas-fir WLDF 210,212 
western white pine & grand fir WPGF 213,215 
lodgepole pine LP 218 
Engelmann spruce / subalpine fir ESAF 206 
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Western larch and Douglas-fir are grouped because in 
this region they frequently occur together; previously the 
two were classified as one cover type (Society of American 
Foresters, 1954). Western white pine and grand fir 
constitute another typical pairing and for this study are 
also grouped together. Engelmann spruce and subalpine fir 
are already regarded as comprising one cover type (Society 
of American Foresters, 1980). 
Together, these forest types constitute a total 49.4 
million acres (20.0 million hectares) of timberland 
throughout the Rocky Mountain region (Birdsey, 1992). Tree 
species in Rocky Mountain forests tend to occur along an 
elevation-moisture gradient, and the cover types included in 
this study dominate an elevation rise from grassland to 
timberline (Pfister et al., 1977). They also represent the 
full spectrum of northern Rocky Mountain fire regimes: low 
severity (PP), moderate severity (WLDF, WPGF, LP) , and high 
severity (ESAF) (Agee, 1995). 
It was determined that in simulating stand development, 
each type should develop from a previous stand-replacing 
disturbance such as wildfire. Many forests of the northern 
Rockies originated following widespread, high-intensity 
fires that swept through the region in 1910, and hence are 
between 75-85 years old. Their present-day structure and 
composition are attributable in large part to the nature of 
these stand-replacing fires. 
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Most of these stands have single-cohort structures, and 
many have reached or are approaching the stand development 
stage of understory reinitiation (as defined by Oliver and 
Larson, 1996) . The understory reinitiation stage occurs 
once the single-cohort overstory canopy has begun to break 
up due to natural mortality and the subsequent failure of 
remaining trees to reoccupy available growing space. This 
growing space usually represents sunlight, but may be soil 
moisture in drier types such as the ponderosa type. The 
availability of growing space during understory reinitiation 
permits the establishment of a new cohort of understory 
trees. 
The SAF definitions of cover type describe forest 
composition in the uppermost canopy. Depending on site, 
seed source, initial stocking, stand-initiating disturbance 
type, and other factors, cover types may develop with 
variable understory structures and overstory differentiation 
patterns (Cobb et al., 1993; O'Hara, 1995). The specific 
post-disturbance composition determines the pattern for 
subsequent stand dynamics. However, the SAF cover type 
definitions are purposely vague to encompass a great deal of 
this sort of variation. In order to make landscape-scale 
observations, it was necessary in this study that variation 
be reduced to several representative structures per type. 
Since the forest types analyzed occur throughout the 
central and southern Rocky Mountains, the applicability of 
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the methods of this study are not restricted to the northern 
Rocky Mountain region. Where site and fuel factors do not 
differ from those used in this study, results may be 
directly interpreted. Modifications to these variables 
could be made to fit regional differences, using the same 
basic methodology. 
METHODS & RESULTS 
The basis for assessing crown fire potential in this 
study is the Van Wagner crown fire model. This model was 
originally constructed to make fire behavior predictions for 
existing stand conditions, but with modification can be 
utilized conversely: to identify fire-resistant stand 
structures for anticipated fire conditions. The Van Wagner 
model is well suited to the resolution of this study, as it 
describes the vertical transfer of fire from the forest 
floor into overstory trees, as well as the horizontal 
transfer of fire between tree crowns. These are events 
driven by factors of surface fire and stand structure, both 
of which have been modeled extensively. 
Using a surface fire behavior model, surface fire can 
be simulated for predetermined fuel and environmental 
parameters. With the addition of crown attributes, crown 
fire potential can be estimated. A forest growth model 
permits observation of stand structure attributes as they 
change over time. In this study both kinds of models are 
united in a sequence that reveals the trend of crown fire 
potential over stand development, identifying periods where 
the hazard exists. With these findings, silvicultural 
methods that disrupt the full development of potential crown 
fires may be designed. 
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The study is divided into two parts. Part One details 
specific parameters of stand structure that can prevent 
crown fires from occurring. Part Two simulates stand 
development and relates it to crown fire potential. Each 
part provides a detailed account of assumptions and 
methodology, followed by results. 
PART ONE: Structures That Prevent Crown Fires 
Part One - Methods 
Crown fire hazard was assessed based on the theory put 
forth by Van Wagner (1977) and clarified by Alexander 
(1988) . Under the Van Wagner model there exist two sets of 
minimum conditions. One set determines the vertical spread 
of fire into tree crowns, or crown fire initiation. The 
second set determines the horizontal transfer of fire 
between crowns, or crown fire spread. 
Nearly every crown fire begins as the outgrowth of an 
existing surface fire. If conditions permit, the surface 
fire is able to ignite tree crowns. This crown ignition, or 
crown fire initiation, is contingent upon the surface fire's 
intensity, the stand's crown base height, and the trees' 
foliar moisture content. Fireline intensity refers to the 
heat output at a fire's flaming front, and bears directly on 
flame length. Generally, heavier surface fuels will result 
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in greater fireline intensities. Crown base height is the 
height from the forest floor to the bottommost branches of 
tree crowns. A crown base height that is relatively high 
increases the distance between surface fire and crown 
foliage, and requires a greater level of heat from the 
surface fire for ignition. Likewise, foliar moisture 
content, the percent moisture content of the trees' live 
foliage, helps retard combustion. As such, each stand has a 
surface fire intensity that is prerequisite for crown 
ignition. 
Once crown ignition has occurred, subsequent crown fire 
spread depends upon the surface fire rate of spread and the 
stand's crown bulk density. The surface fire spread rate 
determines the nature of the crowning and the ability of the 
crown fire to sustain itself. Crown bulk density is the 
portion of the canopy volume that is occupied by live 
foliage. In order to support a crown fire, surface fire 
rate of spread must be greater at lower stand densities than 
at higher densities. 
The Van Wagner model delineates between three types of 
crown fire: Active, Passive, and Independent. Most common 
is the Active type, wherein the surface fire and crown fire 
elements advance together as an interdependently linked unit 
(Alexander, 1988) . This interdependence is expressed when 
firebrands from the burning crowns create spot fires that 
advance the surface fire beyond its normal rate of spread. 
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and these spot fires in turn add unburned gases to and pre­
heat the canopy, accelerating the lateral movement of fire 
through the crowns. Rothermel estimated that such fires 
advance at a rate of spread that is three to eight times 
faster than surface fire alone in the same surface fuels 
(Rothermel, 1983). 
The Passive crown fire type is not a true crown fire 
but rather a series of torching trees and clumps of trees. 
Such fires occur when the requisite surface fire intensity 
is met but the requisite spread rate is not. Under extreme 
circumstances the Independent type may occur, a crown fire 
which fuels its own spread and has become independent of the 
surface fire altogether. Such fires are rare in occurrence, 
as they require an uncommon mix of high stand density with 
strong wind or steep slope. 
In this paper, conditions critical to the ignition and 
sustenance of crown fire are based on Van Wagner's 
definition of the Active type. By this standard, conditions 
are met when surface fire intensity and spread rate values 
exceed the thresholds determined individually for each 
stand. These thresholds are referred to as "critical" 
values. Critical fireline intensity is a function of crown 
base height and foliar moisture content, while critical rate 
of spread is a function of crown bulk density. Alexander 
(1988) presented the formulas for these critical values 
(English formulas are followed by metric equivalents): 
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Critical FLI = [0 . 0030976*CBH (197 . 90 + 11.186*FMC) ] 
Critical FLI = [0 . 010*CBH{460+26*FMC) ] 
where FLI = Fireline Intensity - Btu/ft/s (kW/m) 
CBH = Crown Base Height - ft (m) 
FMC = Foliar Moisture Content - % oven dry weight 
Critical ROS = 0.61446/CBD 
Critical ROS = 3.0/CBD 
where ROS = Rate of Spread - ft/min (m/min) 
CBD = Crown Bulk Density - lbs/ft^ (kg/m^) 
To determine fire-resistant structures, the first step 
required converting these formulas such that the stand 
structure variables became dependent variables, and the fire 
behavior variables became independent. Following this 
conversion, critical structural values are defined for given 
fire behavior, rather than vice-versa: 
Critical CBH = [FLl'^^^-'']/[ (0 . 0030976) (197 . 9 + 11.186*FMC) ] 
Critical CBH = [FLl'^^^-®'] / [ (0 . 010) (460+26*FMC) ] 
Critical CBD = 0.61446/ROS 
Critical CBD = 3.0/ROS 
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With these formulas, structural values marking the 
threshold of crown fire potential are calculable. Values 
for ROS, FLI, and FMC are required. One value for foliar 
moisture content (FMC), derived from the findings of a 
literature review, was applied to all cover types. Values 
for fireline intensity (FLI) and rate of spread (ROS) were 
simulated via the BEHAVE surface fire behavior program. 
1. Foliar Moisture Content (FMC) 
The effect of foliar moisture content (FMC) on crown 
ignition is minor relative to crown base height (CBH) 
(Alexander, 1988), but it is a factor in crown ignition. To 
represent a scenario of extreme siommer conditions, an FMC 
value of 90% was chosen. 
Springer and Van Wagner (1984) observed that the foliar 
moisture content of senescent black spruce needles rarely 
exceeded 115% or dropped below 75% over a four-year period, 
with the lowest levels occurring during the spring. 
Chrosciewicz (1986) found comparable results with black 
spruce, jack pine, white spruce, and balsam fir. Mid-August 
moisture contents of mature ponderosa pine and Douglas-fir 
needles have been found to range between 110-120 percent 
(Philpot and Mutch, 1971). Each study reported seasonal 
trends that showed foliar moisture content dipping in the 
spring and rising in the summer. This trend appears to be 
physiologically-based since it remains constant from year to 
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year, irrespective of variations in weather (Philpot and 
Mutch, 1971) . In each study, suininer moisture contents were 
at the upper end of the trend, around 100-115%. During the 
1988 Yellowstone fires, moisture content of mature conifer 
needles ranged between 96 and 118 percent (Hartford and 
Rothermel, 1991). In addition, laboratory studies of foliar 
combustion show virtually no effect on ignition by moisture 
contents below approximately 100% (Xanthopoulos and 
Wakimoto, 1993). Based on these studies, a value of 90% for 
foliar moisture content was selected as suitable for 
representing worst-case summer conditions. 
2. Fireline Intensity (FLI) & Rate-of-Spread (ROS) 
The BEHAVE fire behavior model (Andrews, 1986; Burgan 
and Rothermel, 1984) was used to calculate predicted values 
of FLI and ROS. These surface fire properties are predicted 
by BEHAVE as a function of surface fuel load and 
environmental parameters. For each cover type, a set of 
values for was selected to represent the worst-case types of 
conditions that may occur. 
Fuel. Fuel load values are frequently derived by 
visually selecting one of a collection of 12 models which 
are representative of general fuel properties (Anderson, 
1982). These stylized models pertain to the surface fuels 
associated with different vegetation types. Models 8, 9, 
and 10 are for timber, and models 11 and 12 are for logging 
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slash. Each model provides typical values for fuel depth, 
fuel loads, surface to volume ratios and other parameters 
required for prediction. The models do not distinguish 
between cover types as defined by SAF. However, fuel model 
9 is advised for closed stands of long-needle pine such as 
ponderosa, and fuel model 8 is recommended for closed canopy 
stands of short-needle conifers including white pine, 
lodgepole pine, spruce, fir, and larch. 
To attain greater specificity among the cover types, 
the TSTMDL extension of BEHAVE (Burgan and Rothermel, 1984) 
was used to modify the fuel loads of the stylized models. 
This extension permitted the customizing of fuel depth and 
loading across the 1, 10, and 100 hour fuel classes. 
Associating fuel volume with cover type for this study 
appeared to be the most feasible option. Brown and See 
(1981) found virtually no correlation between fuel load and 
the customary stand or site factors, including stand age, 
slope, aspect, and elevation. In addition, variation was 
greater among cover types than among habitat types, 
presumably because cover types reflect the overstory tree 
species that supply the majority of downed woody material. 
A set of fuel values was constructed to represent a 
significant portion of stands within each cover type (Table 
2). Values for fuel load modifications in the 1, 10, and 
100 hour classes were made based on findings from Brown and 
See's (1981) fuel inventory summary. 
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During normal stand development, fuel loads in the 1 
hour class are in a state of equilibrium; a steady-state 
value of 2.0 tons/acre (4480 kg/ha) was adopted for all 
cover types (Brown and See, 1981; Reinhart, 1995). Appendix 
1 of Brown and See (1981) summarized 10 and 100 hour fuel 
loadings from westside northern Rocky Mountain forests by 
cover type. Western larch and Douglas-fir values were 
averaged together for this study's WLDF type. Third 
quartile loadings from forest inventory records were adopted 
for 10 and 100 hour fuels. Fuel model fuelbed depth was 
doubled to accommodate this higher load. This was a 
somewhat arbitrary multiplier, but served the purpose of 
representing a worst-case fuel scenario. 
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Forest inventory fuel summary values were not available 
for the WPGF type. Instead, mean values from Idaho 
Panhandle National Forest western white pine stand 
examinations were adopted. Brown and See (1981) estimated 
that stand exam summary loadings were between 1 and 3 times 
as great as forest inventory values, probably because they 
are typically conducted in 'high-risk' stands selected for 
harvest. Hence, the values used for the WPGF type, like the 
others, may also represent a higher-than-average fuel load. 
A heavy fuels scenario, is more appropriate for 
assessing crown fire hazard than an average fuels scenario, 
as it represents a greater percentage of actual stands 
(here, 75% of stands would be included). It also allows for 
a clumpy distribution of fuels in a stand, which is probably 
far more common than a uniform distribution. 
Other means of assigning fuel values are available. 
One such option, the Fischer photo series (Fischer, 1981a; 
Fischer, 1981b) was ultimately considered inappropriate for 
this study. The Fischer series provides fuel loadings for a 
representative range of fuel situations within each SAF 
cover type, and is used in the field to make a quick, visual 
assessment of surface fuels. However, within one cover type 
there may be as many as 40 different fuel complexes from 
which to select. To assess the crown fire potential of 
specific stands, the Fischer series may prove to be very 
useful. For this study, which dealt with generalized cover 
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types rather than specific stands, s\immarized values were 
the preferred alternative. 
For this study, the fuel loads listed in Table 2 were 
assumed constant during stand development. It is apparent 
that in most cases structural fuels increase with stand age 
(Heinselman, 1981; Heinselman 1985), but whether this is 
true also for dead fuels is unclear. Dead biomass is shed 
yearly by all trees, but the extent to which fuel 
accumulates is contingent upon the climate-controlled rate 
of decomposition. This is further confounded by the 
haphazard impacts of disturbance agents such as fire, 
insects, disease, suppression, wind and snow on tree 
mortality and downfall. Brown and See's (1981) assessment 
of fuel conditions in Montana forests failed to find a 
relationship between load and stand age, and rejected the 
idea that fuels predictably accumulate with time. Brown 
(1985) concluded that forest fuels are variable, and that 
their buildup is irregular and occurs erratically. In 
accordance with this finding, this study's fuel loads, once 
defined, were not altered during the projection of stand 
growth in Part Two. 
Environment. Factors that drive surface fire behavior 
include windspeed and live and dead fuel moistures. Values 
for these factors were provided by the Fire Effects Project 
of the Intermountain Fire Sciences Laboratory, which has 
assembled groups of environmental variables for various 
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fire weather scenarios (Reinhart, 1995). The scenario 
adopted in this study was for 'wildfire' conditions. Values 
were selected to represent the worst type of weather 
situations that may be faced by the forest cover types in 
this study. These values are listed in Table 3. 
Windspeed has a major effect on fire behavior by 
bending the convective column and pre-heating fuels in the 
direction of maximum spread. The value of 9 mi/h (14.5 
km/h) adopted here for midflame windspeed approximates 
Burning Index (BI) levels of Very High to Extreme for these 
cover types. The Burning Index is used by the National Fire 
Danger Rating System (Deeming et al., 1977) to indicate 
daily fire danger. Windspeeds at these levels occur 3 to 10 
percent of the time (Anderson and Brown, 1988). 
Table 3. Values for environmental fire parameters. 
Parameter Value 
1-hr Fuel Moisture 4% 
10-hr Fuel Moisture 5% 
100-hr Fuel Moisture 5% 
Mid-flame Windspeed 9 mi/h (14.5 km/h) 
Slope was set at 30%. Slope bears directly on fire 
behavior in a manner similar to that of wind, although to a 
lesser amount. Slope puts uphill fuels closer to the path 
of a surface fire's convective column, and allows more 
preheating of fuels to take place. In the northern Rocky-
Mountains region, nearly all forests are located in the 
mountains themselves; very few forests occur on flat land, 
with the majority found on rugged and steep terrain 
(Barrett, 1995) . 
Using the values for fuel and environmental factors 
described above, surface fire behavior for each of the five 
cover types was predicted by BEHAVE. Predicted fireline 
intensity and rate of spread were entered along with foliar 
moisture content into the formulas for calculating crown 
base height and crown bulk density. The results of these 
calculations indicate stand structures that are resistant to 
crown fire occurrence, inclusive of extreme environmental 
conditions. 
Part One - Results 
The simulation of surface fires produced predicted 
potential fireline intensities and spread rates per cover 
type. Combined with foliar moisture content, threshold 
values were produced for two structural attributes: a 
minimum crown base height to prevent crown ignition, and a 
maximum crown bulk density to prevent crown fire spread. 
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Crown Ignition 
Predicted fireline intensities range from 132 to 184 
Btu/ft/s (457 to 636 kW/m), resulting in critical crown base 
heights that vary only mildly among cover types. These 
values range from 8.7 ft (2.7 m) for the ponderosa pine type 
to 7.0 ft (2.1m) for the western larch/Douglas-fir type, 
with the remaining types falling between these two (Table 
4) . 
Table 4. Predicted fireline intensities (FLI), and minimum 
crown base heights (CBH) that prevent crown ignition. 




PP 184 (636) = = >  8.7 (2.7) 
WLDF 132 (457) = = >  7.0 (2.1) 
WPGF 171 (592) = = >  8.3 (2.5) 
LP 155 (536) = = >  7.7 (2.3) 
ESAF 160 (553) = = >  7.9 (2.4) 
These results indicate that among the five cover types 
- even at very high fuel loadings and severe weather 
conditions - any stand with a uniform live crown base height 
above 9 feet (2.7 meters) is of a status such that the 
occurrence of a surface fire in that stand will remain on 
the surface, and will not transfer into the crown. 
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Crown Fire Spread 
Projected surface fire spread rates ranged between 17 
and 30 ft/min (5.2 and 9,1 m/min). This resulted in 
threshold crown bulk densities ranging from 0.036 lbs/ft^ 
(0.58 kg/m^) for the western larch/Douglas-fir type to 0.020 
lbs/ft^ (0.32 kg/m^) for the ponderosa pine type, with the 
remaining types falling between these two (Table 5). Should 
crown ignition occur, its horizontal spread would be checked 
by crown bulk densities at or below those listed. 
Table 5. Predicted rates-of-spread (ROS), and maximum crown 
bulk densities (CBD) that prevent crown fire spread. 




PP 30 (9.1) = = >  0.020 (0.32) 
WLDF 17 (5.2) = = >  0.036 (0.58) 
WPGF 21 (6.4) = = >  0 . 029 (0.46) 
LP 19 (5.8) = = > 0.032 (0.51) 
ESAF 20 (6.1) = = >  0.031 (0.50) 
Since crown bulk density is an average value of stand-
wide conditions, a primary assumption supporting the crown 
bulk density thresholds of Table 5 is that tree crowns, and 
therefore trees, are uniformly distributed within the stand 
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Likewise, since the calculation of bulk density is the 
stand's mass of crown foliage into its crown volume, it may 
have little meaning with stands of more than one strata 
wherein stand crown volume is less tangible. The difficulty 
of modeling crown fire behavior in multi-strata stands is 
further discussed in chapter 6.3. 
Although the critical crown base heights of table 4 may 
be easily cognizable, the critical crown bulk density values 
of Table 5 may have little meaning without some other frame 
of reference. In Part Two, the growth of stands 
representing the five cover types is projected. This allows 
for comparison of critical structural values to those 
expressed by observed stands. 
PART TWO: Crown Fire Potential During Stand Development 
Part Two - Methods 
With crown fire resistant structures defined, it was 
next desired to compare these to the normal structural 
development of the five cover types. For this purpose, the 
Inland Empire (NI) version of the PROGNOSIS stand growth 
model was used (Wykoff et al., 1982; Wykoff et al., 1990). 
PROGNOSIS is used widely by forest managers in the Rocky 
Mountains to predict forest growth and timber yields. 
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Although not specifically designed for the purpose of this 
study, the output generated by PROGNOSIS is in a format 
suitable for further analysis. This section describes the 
values and methods used to design representative stands for 
projection by PROGNOSIS, and the means by which PROGNOSIS 
output was transformed to assess crown fire potential. 
Growth Model Input 
Tree growth in PROGNOSIS starts with a keyword file 
that details stand-specific variables such as slope, 
elevation, habitat type, and forest location. Cover types, 
however, are designed to encompass a broad range of 
variation and are intentionally vague in description. With 
this in mind, keyword file attributes were selected that 
best represented the most widespread condition of each cover 
type. These are listed in Table 6. 
All types were assigned a slope of 30%, the reason for 
which was discussed in Part One. Each cover type was 
assigned to one national forest in the region known to 
contain exemplary stands of the type. A review of silvics 
literature (Barrett, 1995; Burns and Honkala, 1990; Burns, 
1983) provided the basis for this decision. In a similar 
fashion, each type was assigned an appropriate habitat type 
(Pfister et al., 1977). Since habitat types indicate a 
site's potential vegetation, selections made were for those 
likely to produce the structure and composition matching the 
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PP 30 3700 
(1128) 
PSME-VACA Bitterroot 
WLDF 30 3300 
(1006) 
PSME-LIBO Flathead 
WPGF 30 4200 
(1280) 
ABGR-CLUN Idaho Panhandle 
LP 30 6000 
(1829) 
ABLA-LIBO Gallatin 
ESAF 30 5800 
(1768) 
ABLA-MEFE Beaverhead 
cover types. For example, the western larch/Douglas-fir 
cover type was assigned a habitat type from the Douglas-fir 
series, and the western white pine/grand fir cover type was 
assigned a habitat type from the grand fir series. Once 
habitat type was defined, the midpoint of the normal western 
Montana elevation range was determined. PROGNOSIS has the 
capability to grow stands from a bare ground condition 
through the Regeneration Establishment extension (Ferguson 
and Crookston, 1984) . This model extension creates tree 
records based on empirically-derived equations from the 
analysis of regeneration plots throughout the area 
encompassed by PROGNOSIS. 
To simulate stand initiation following a stand-
replacing wildfire disturbance, sites were prepared with a 
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burning at 90% area. In order to influence stand 
compositions so that they represented cover type 
descriptions, some species' regeneration probabilities were 
increased over others. This procedure did not alter the 
number of regenerating individuals, only the apportioning of 
seedlings among species. Stocking was determined by 
PROGNOSIS, which initiated new seedlings during the first 
two periods (1 period = 10 years). Densities were different 
for each forest type. 
Since stands of a cover types may be of many densities, 
and density may affect structure during stand development, 
variations on the densities simulated by were included. 
With each type, low-density and high-density scenarios were 
constructed by halving or doubling the initial stand density 
designed by PROGNOSIS. 
Cover types were projected as single-cohort stands at 
10-year periods to age 150. To extend the projection much 
further, whereby stands may enter a stage of late 'stand 
reinitiation' or even 'old growth' (Oliver and Larson, 
1996), would risk violating several assumptions related to 
fuels accumulation and stand structure. For one, although 
the relationship between stand age and fuel load is unclear, 
it is acknowledged that such volumes are predictably high in 
overmature stands (Brown and See, 1981). For another, the 
key structural parameters, crown base height and crown bulk 
density, lose their meaning in a multi-cohort, multi-strata 
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stand structure. 
Calculation of Key Structural Parameters 
Once the above keyword files were utilized by PROGNOSIS 
to simulate stand growth, output files were analyzed for 
crown base height and crown bulk density values at each ten 
year period. 
A simple program was created to process a stand-wide 
measure of crown base height based on the PROGNOSIS output 
tree list. The PROGNOSIS tree list does not provide 
individual tree crown base heights, however it does yield 
total height and live crown ratio for each tree record. 
These were converted to crown base heights. Trees at or 
greater than 4.5 ft (1.4 m) tall were then sorted and ranked 
by crown base height. Rather than adopting the lowest of 
these heights for the stand measure of crown base height, 
the 10th percentile was used. This was done as an effort to 
weed out the extremely small or suppressed individuals with 
small, ineffectual crowns that would contribute little to 
crown ignition. This also guaranteed that the stand crown 
base height included a substantial portion of individuals at 
or below that measure. It was believed that this would 
provide a value for crown base height that was more 
functional in terms of describing the vertical transfer of 
fire from the surface into the overstory. 
Crown bulk density was calculated using the Canopy 
Extension of PROGNOSIS (Moeur, 1985). Brown (1978) fitted 
curves relating crown weight to diameter for each of the 
species included in this study. The Canopy Extension 
utilizes Brown (1978) to calculate overstory crown 
statistics that include stand crown volume (ft^/ac; m^/ha) 
and total foliage biomass (Ibs/ac; kg/ha). Dividing volume 
into biomass gave a value for the stand's crown bulk 
density. 
Calculations of projected crown base height and crown 
bulk density were made at each 10-year period. These values 
were contrasted against each parameter's critical value 
calculated in Part One. By this analysis, assessment of 
crown fire hazard over stand development was 
straightforward. When the crown base height projected by 
PROGNOSIS is below that type's critical measure (listed in 
table 4), crown ignition is likely. When projected crown 
bulk density exceeds the critical measure (listed in table 
5), the sustained spread of this fire is also likely. 
Part Two - Results 
Results indicate that for single-cohort stands of the 
forest types used in this study, there is distinctive upward 
movement of the crown base height during stand development. 
This results in each type gradually overcoming ignition 
hazard with time, even at high densities. In similar 
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fashion, crown bulk density decreases and crown fire spread 
potential diminishes over time. 
Crown Ignition 
Observed trends of crown base height during stand 
development were contrasted against critical values. 
Periods of crown fire potential of the five cover types are 
are compared in Figure 1. Each type gradually outgrows its 
crown ignition potential, but the time to the crossing of 
these thresholds ranges from 50 years for the western larch/ 




0 10 20 30 40 50 60 70 80 90 
PP * * * * * * * * * * * * * * * * * *  
WLDF * * * * * * * * * * * * * * *  
WPGF * * * * * * * * * * * * * * * * * * * * *  
LP * * * * * * * * * * * * * * * * * * * * * * * *  
ESAF * * * * * * * * * * * * * * * * * * * * *  
(* = crown ignition potential) 
Figure 1. Periods of existing crown ignition potential 
during stand development. 
An interesting case is the ponderosa pine type, which 
is one of the quickest to outgrow crown ignition hazard 
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despite having the greatest predicted fireline intensity. 
By contrast, the lodgepole pine type endures the longest 
period of crown ignition potential despite having the 
second-lowest predicted fireline intensity. These cases 
illustrate the differential effect of stand development 
between cover types. They also express the importance of 
crown base height as a factor in crown ignition potential. 
Within a cover type, variation in stand density 
contributes to differences in structure during stand 
development. To assess the effect of density on crown 
ignition potential, projections were made at low (1/2X) and 
high (2X) stand densities. The effects of these changes on 
crown base height during stand development are compared in 
Figures 2-6. 
Interestingly, the effect of low density is virtually 
nil for each cover type. High stand density, however, 
serves to prolong the period of crown ignition potential by 
an additional 20 to 30 years. This effect is most likely 
due to the growth reduction of individual trees in dense 
conditions, which results in lower heights and lower crown 
base heights. One observation from these results is that 
high densities cause stands to be more vulnerable to crown 
ignition than normal stands at any age, and also extend the 
duration of the stand's exposure to crown ignition hazard. 
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Crown Ignition Potential 
PP Type 
DQ 10 






lo md hi 
Figure 2. Crown Ignition Potential. The trends of observed 
crown base height (CBH) versus ignition threshold [8.7 ft 
(2.7 tn) 3 for the PP type at low (lo) , moderate (md) , and 
high (hi) stand densities. 
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Crown Ignition Potential 
WLDF Type 
0 30 60 90 
Stand Age 
120 150 
— lo — md — hi 
Figure 3. Crown Ignition Potential. The trends of observed 
crown base height (CBH) versus ignition threshold [7.0 ft 
(2.1 m) ] for the WLDF type at low (lo), moderate (md), and 
high (hi) stand densities. 
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Crown Ignition Potential 
WPGF Type 
0 30 60 90 
Stand Age 
120 150 
^lo — md --hi 
Figure 4. Crown Ignition Potential. The trends of observed 
crown base height (CBH) versus ignition threshold [8.3 ft 
(2.5 m)] for the WPGF type at low (lo), moderate (md), and 
high (hi) stand densities. 
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lo — md hi 
Figure 5. Crown Ignition Potential. The trends of observed 
crown base height (CBH) versus ignition threshold [7.7 ft 
(2.3 m)] for the LP type at low (lo), moderate (md), and 
high (hi) stand densities. 
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Crown Ignition Potential 
ESAF Type 




Figure 6. Crown Ignition Potential. The trends of observed 
crown base height (CBH) versus ignition threshold [7.9 ft 
(2.4 m)] for the ESAF type at low (lo), moderate (md), and 
high (hi) stand densities. 
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Crown Fire Spread 
From a resource protection perspective, managing to 
prevent crown fire spread is secondary to the prevention of 
crown ignition. If vertical structures can be created that 
prevent trees from igniting in the first place, then further 
protection measures may be moot. Nevertheless, managing to 
prevent both ignition and spread may be a consideration in 
some cases. 
Crown fire spread potential, like crown ignition 
potential, is outgrown by stands. For all types, crown bulk 
density peaks early and gradually declines, stabilizing by 
age 150 (Figure 7). This is due to the fact that the two 












Figure 7. Crown Bulk Density. Trend of crown bulk density 
(CBD) during stand development for each cover type. 
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components of crown bulk density, crown volume and foliar 
biomass, follow different trends. Over time, crown volume 
gradually increases, but foliar biomass reaches a peak and 
then stabilizes. The result is a general declining trend in 
crown bulk density. Figure 7 shows that higher final crown 
bulk density values are associated with those stands 
composed of highly shade-tolerant species. 
These trends were contrasted against the critical crown 
bulk density values determined in Part One (Table 5). As 
was the case for crown ignition potential, each cover type -
as a single-cohort stand - outgrows its critical value, and 
hence crown fire spread potential is eliminated over time. 
Table 7 demonstrates these trends with predicted CBD values 
at 3 0-year intervals. 
Table 7. Projected crown bulk density (CBD) during stand 






30 60 90 120 150 
PP 0 . 020 
(0.320) 
0.022 0.020 0.008 0.007 0.006 
(0.352 0.320 0.128 0.112 0.096) 
WLDF 0 . 036 
(0.577) 
0.018 0.010 0.008 0.008 0.008 
(0.288 0.160 0.128 0.128 0.128) 
WPGF 0 .029 
(0.465) 
0.038 0.032 0.022 0.018 0.015 
(0.609 0.513 0.352 0.288 0.240) 
LP 0.032 
(0.513) 
0.029 0.023 0.018 0.014 0.013 
(0.465 0.368 0.288 0.224 0.208) 
ESAF 0 . 031 
(0.497) 
0.040 0.019 0.019 0.019 0.020 
(0.641 0.304 0.304 0.304 0.320) 
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In summary, these analyses of crown base height and 
crown bulk density indicate that for the cover types 
included in this study, single-cohort stands will gradually 
outgrow their potential for both crown ignition and crown 
fire spread. 
SILVICULTURE TO PREVENT CROWN FIRES 
This chapter discusses the opportunities for reducing 
crown fire hazard through the innovative use of traditional 
silviculture practices. Although two structures - crown 
base height and crown bulk density - were identified as 
potential treatment targets, the efforts described here are 
directed primarily at preventing crown ignition rather than 
crown fire spread. A stand treated to prevent crown 
ignition should be sufficiently protected from crown fires 
during most circumstances, the exception being the rare 
Independent crown fire type which is self-supported in the 
canopy. The types of practices proposed are traditional 
silviculture techniques with which forest managers are 
familiar. 
In this chapter, methods for creating structures 
resistant to crown ignition are proposed, followed by 
methods for maintaining these fire-resistant structures. 
The issue of managing for crown fire resistance in more 
complex structures, such as multiple-cohort (or uneven-aged) 
stands, is also discussed. 
Creating Fire-Resistant Structures 
The silvicultural practice with the potential for most 
direct and effective results is pruning. The guideline for 
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pruning is straightforward: remove all branches up to the 
cover type's critical crown base height. Pruning, more than 
any other measure, ensures that the stand's crown base 
height is uniform. 
How early can stands be addressed for crown ignition 
hazard with pruning? Pruning guidelines commonly recommend 
a residual live crown ratio of at least 50%. To meet this 
guideline, pruning for a 9-ft (2.7 m) crown base height 
would require that the stand height be at least 18 feet (5.4 
m). Based on this guideline, the PROGNOSIS growth 
simulations indicate that earliest pruning might occur 
around age 20, and perhaps a decade later for dense stands. 
Pruning for this purpose will have pleasant side 
effects. Pruning can reduce infection rates of white pine 
blister rust {Cronartium ribicola Fishc.), and can remove 
infections of dwarf mistletoe {Arceuthobium spp.) (O'Hara et 
al., 1995b). Pruning also produces clear, straight-grained 
wood that can be highly valued in some species, especially 
ponderosa pine (O'Hara et al., 1995b). The costs of pruning 
could be offset in the long run by the increased value of 
the pruned bole. 
Pruning is relatively expensive, often prohibitively 
so. Outside of forest plantations, its use is not 
widespread. However, for the roughly 9-foot (2.7 m) lifts 
required to achieve the critical crown base height, costs 
for several species may be less than $1.00 per tree (O'Hara 
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et al., 1995a). O'Hara et al. found that 3.4 trees could be 
pruned to 9 ft (2.7 m) for the same cost as pruning one tree 
to 18 ft (5.4 m), and advocated that log grading standards 
in the northern Rocky Mountains be changed to scale logs at 
the 8 foot (2.4 m) length. 
Nevertheless, pruning every tree in a stand, especially 
a dense stand, will be expensive. Costs may be recouped 
somewhat on the portion of the stand that eventually 
constitutes crop trees if their improved quality is 
recognized by a higher price. Probably the majority of the 
trees that are pruned, however, will not still be standing 
when the stand reaches maturity. 
One concern is that pruned branches tend to end up at 
the base of the tree, and may contribute to increased fire 
danger (e.g., Murray, 1983) . Hot fires burning in these 
piles, whether they climb into the canopy or not, can end up 
killing the trees by cambial scorch, making the pruning 
effort futile. Pulling the pruned branches away from the 
base of the trees is a simple task but adds to the cost of 
the project. 
A more traditional but less efficient method of 
achieving the critical crown base height is by thinning. 
Low thinnings, or thinnings from below, can be conducted to 
remove a stand's smaller trees with lower live crown base 
heights. During stand development, trees tend to stratify 
into crown classes (dominant, co-dominant, intermediate. 
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suppressed) that describe the relative location of the 
tree's crown in the canopy. A thinning project to prevent 
crown ignition would target those trees with the crowns 
lowest to the ground, the suppressed and intermediate trees. 
Removing these individuals serves to raise the crown base 
height of the residual stand by a process of attrition. 
Thinnings would probably take place before the removal 
trees have reached a merchantable size, since these would be 
the smallest in the stand. Of course, if the removed stems 
are merchantable as pulp or biofuel there will be a 
reduction in program costs. A second benefit of utilization 
is that the thinned stems would not be added to the downed 
woody fuel complex. 
A drawback of the thinning approach is that a 
substantial number of trees may have to be removed before 
the critical crown base height is achieved. This will 
depend largely on the heterogeneity of the canopy. For 
example, a highly stratified stand will be composed of trees 
that clearly exhibit the four crown classes; removal of only 
the suppressed members may be sufficient in raising the 
stand's crown base height. The converse to this would be a 
stand with a uniform canopy - where nearly all trees are of 
the same crown class, and their crown base heights are about 
equivalent. For such stands, using thinning to prevent 
crown ignition may not work at all, since the removal of 
some stems may have no impact on the stand's crown base 
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height. For stands in between these two examples, the level 
of removal required may be so excessive that the project is 
impractical, 
One possible solution to this problem may be to use 
some combination of thinning with pruning. To make this 
system work, one might predetermine a residual stand volume 
or density, thin to this level, and then prune the residual 
trees as necessary to achieve the stand's critical crown 
base height. 
There is one difference between pruning and thinning as 
regards crown fire potential, and that is the residual 
effect of these treatments on crown bulk density. Pruning 
will likely have a minimal side effect on crown bulk 
density, but thinning - which removes whole crowns from the 
canopy - could have a significant impact. Of these two 
treatments, thinning would be most likely to reduce the 
potential for crown fire spread, although in theory this 
should not be a concern since crown ignition would have been 
prevented. From a second perspective, however, thinning 
will break up the canopy much more so than pruning, and the 
subsequent increase of forest floor sunlight could promote 
understory growth by accelerating the stand development 
process. For the purposes of preventing crown ignition, 
although contrary to preventing crown fire spread, the stand 
should be maintained with as closed a canopy as possible 
(and practical) to delay understory development. 
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Pruning or thinning will add woody fuels (branches or 
whole steins) and increase the fuelbed depth of the surface 
fuel complex. This may result in hotter, faster surface 
fires that undermine the treatment, as the new crown base 
height may no longer be sufficient. It is possible that 
treatment debris may not be a major factor however, since 
the initial hazard could diminish soon after activity. 
Christiansen and Pickford (1991) found that for pre-
commercially thinned Douglas-fir stands, fire hazard is 
abated within three years. Efforts to lop and scatter the 
debris - which reduce fuelbed depth and eliminate fuel 
jackpots - may also be sufficient. Where the existing fuel 
level is already high, it may be desirable to follow up 
pruning or thinning with prescribed fire to reduce the 
surface fuel load. Perhaps the best approach would combine 
pruning or thinning, or both, with prescribed fire. 
Prescribed surface fires would kill small trees and lessen 
the surface fuel load, reducing the anticipated fire 
intensity and hence the critical crown base height. 
Maintaining Fire-Resistant Structures 
If stands outgrow fire hazard over time, why is 
maintenance required? The answer is that stands do not 
remain in single-cohort structures - like the ones projected 
in this study - indefinitely. Stands pass through four 
general structural stages (Figure 8). These stages, which 
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are explained in detail by Oliver and Larson's (1996) Stand 
Dynamics text, have bearing on crown fire potential. 
For much of the 150-year projection period used in this 
study, stands will remain in the single-cohort structure 
that is defined by the stem exclusion stage. However, at 
some age it is inevitable that the stand will progress to 
the stage of understory reinitiation (Oliver and Larson, 
1996). During this stage, overstory trees are unable to 





















Figure 8. Stand development patterns for upper-elevation 
stands (A), and low-elevation stands (B). (Johnson et al., 
1993) . 
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completely access the growing space freed up by mortality. 
As a result, a new cohort of usually more shade-tolerant 
species is able to initiate beneath the overstory. Several 
decades after the beginning of the understory reinitiation 
stage, this second cohort will threaten the overstory cohort 
from a crown fire perspective, as crowns from the new cohort 
intermingle with the overstory strata's crown base. When 
this occurs, the effective stand crown base height 
immediately and drastically drops. The result is that the 
original cohort, well beyond the level for crown ignition 
for years, is at risk once again. This can be a particular 
problem for stands on better sites, where the stand 
development process occurs more rapidly. It may also be a 
problem in dry sites such as those occupied frequently by 
open-canopy stands of ponderosa pine; in this situation, the 
more shade-tolerant Douglas fir begins to invade the site 
early. 
A maintenance regime is required to prevent the type of 
fuel ladder posed by understory reinititation. One 
mechanical technique that achieves this is brush-cutting. 
Brush cutting immediately removes the fuel ladder, but adds 
these fuels to the surface fuel complex, increasing its load 
and depth. 
A more appropriate approach is to control the 
understoiry with a consistent prescribed fire program. 
Prescribed fire has two positive effects: it eliminates 
59 
some of the fuel ladder, and it reduces the surface fuel 
load. 
Once fire-resistant structures have been created, 
prescribed natural fires - representing a range of 
intensities - can be allowed to take place. These fires 
will serve the same purpose as planned ignitions without the 
equivalent costs. Savings will also be accrued by having to 
suppress fewer of these fires. Options for using prescribed 
fire in the northern Rocky Mountains have been studied in 
detail, and an extensive body of literature on its use is 
available. 
Managing For Complex Structures 
Fuel and structural complexity undermines the 
assumptions of this study, which are admittedly simple. The 
types of stands to which the findings of this study will be 
best applied are those with a relatively uniform 
distribution of surface fuels, and a relatively uniform 
canopy. Fuel jackpots, which produce localized, extreme 
fireline intensities, provide opportunities for fire to 
enter the crown. Highly stratified stands, with an erratic 
crown base height, make identification of a stand measure of 
crown base height difficult. 
Each of the forest types included in this study may 
occur in uneven-aged structures. This study did not 
directly address multi-strata stands, but it may be possible 
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that a stand may be managed for two or more strata without 
exposing all strata to crown fire risk. For example, the 
vertical distance between a vulnerable lower stratum and the 
crown base of an overstory stratum may be sufficient to 
insulate the latter from the former. Uneven-aged ponderosa 
pine forests in particular may be suited to such a 
structure. At this time, however, there is insufficient 
research describing the transfer of fire between two crown 
strata. Further studies on the inter-strata or inter-tree 
transmission of fire may eventually enable the inclusion of 
a crown fire prevention strategy in the management of more 
complex structures. For the time being, however, no 
quantitative means exist for managing complex structures to 
prevent crown fires. 
DISCUSSION 
Results of this study are directly applicable to 
forests of northern Idaho and western Montana. Fuel loads 
were based on summarized findings from these areas, and 
growth projections were made with the Inland Empire (NI) 
version of PROGNOSIS, which was calibrated for this region. 
The results may also have general application to other 
regions, such as the central and southern Rocky Mountains, 
where the cover types included in this study are also found. 
Differences in site, climate, and fuels may be significant, 
however, and caution is advised if the results are applied 
to different regions. 
The methodology of this study, on the other hand, is 
transportable to other regions. Crown fire potential can be 
assessed by this system for any region where surface fuel 
information and a local growth model are available. 
Greatest accuracy could be achieved at the individual stand 
level if fuel and structural data are known. 
Several attractive possibilities exist for the use of 
this study's findings in a progressive fire management 
program. Using silviculture to prevent crown fires is not 
intended as a replacement for prescribed fire programs. 
Rather, such treatments could be used to assist fire 
61 
62 
management objectives. Two examples are illustrated here. 
Although there is a consensus that fire needs to be 
restored to western forests, there is concern that the 
current structure of these forests are so vulnerable to 
crown fire that any fire, even a controlled burn, poses 
great risk to these forests (Agee, 1993; Graham, 1994; Mutch 
1994; Mutch et al. 1993). This concern is logical: a near-
century of fire exclusion may not so easily be reversed -
simply by reintroducing fire - without some negative 
consequences. Prescribed fires that blow up confuse the 
public about management intentions, and may have political 
ramifications that could set back the movement toward 
greater use of fire in managing forests. Using silviculture 
to prepare these stands for reintroduction of fire is a 
safety measure that is probably wise for most stands, and 
necessary in others. 
Perhaps the most valuable use of these silvicultural 
treatments would be in the construction of firebreaks. A 
firebreak in traditional terms is a strip of zero or reduced 
fuels, used to secure a boundary. Traditional firebreaks 
are not subtle - they are clearly manipulated areas. Using 
the treatments prescribed here, one could create firebreaks 
that are very subtle, attractive, and in harmony with the 
surroundings. Certainly a zone of pruned trees is more 
subtle than a strip cleared of vegetation. Such firebreaks 
could be located along ownership boundaries. Prime areas 
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may include the boundaries of parks and wilderness ares, and 
where public forests are proximate to homes or communities. 
Firebreaks along wilderness and park boundaries would enable 
managers to allow a greater range of fire behaviors to occur 
within the boundaries of the reserves, without fear of 
intense fires spilling beyond the boundaries. With 
firebreaks, managers could actually allow crown fires to 
occur within these areas, if so desired. 
Within parks, specific areas could be protected by a 
zone of surrounding firebreak. Structures could be 
protected, as could culturally or ecologically significant 
areas. Firebreaks could also be designed where forests 
inteirmingle with wildland-urban interface settlements. 
Public forest managers should be prepared to make some 
efforts to prevent extreme fires from occurring in forests 
adjacent to these homes, or can expect to encounter costly 
lawsuits. 
The question arises as to who will assume the costs of 
managing to prevent crown fires. Society must be presented 
with a view of the costs of these programs compared to crown 
fire losses, or to suppression costs. Proactive treatments 
that prevent crown fires could save enormous sums in timber 
losses, lawsuit settlements, and fire suppression costs. 
Fire management is making the transition from reactive 
suppression to a proactive, prescription-based approach. 
The incorporation of silvicultural treatments to achieve 
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fire management objectives can be a valuable step in this 
transition. 
How useful is the information provided by this 
particular study? This study adopted the best existing 
models and information to address the issue of crown fire 
prevention. Whether this produced viable results will not 
be known until they are put to the test in actual stands. 
Until then, there is plenty of basis for skepticism. 
At the very heart of the study, one could argue that 
the Van Wagner theory is insufficient for determining crown 
fire potential. Although the theory is widely utilized, and 
is believed to contain the key elements of crown fire in the 
right proportions, it is still far from being proven. In 
fact, much of the utilization of the theory may be done in 
lieu of any alternative. Van Wagner's theory was founded on 
observations from a study of nine fires in four forest 
types. Of these, the best information came from three fires 
that occurred in a red pine plantation, none of which lasted 
more than two minutes (Van Wagner, 1977). It is very 
possible that this empirical data is insufficient to support 
Van Wagner's equations. Until the model is adequately 
tested, there is no way of knowing whether the fire-
resistant structures identified in this paper are valid. 
A second weakness lies in the prediction of surface 
fire behavior using BEHAVE. While the best available data 
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were used in the predictions, these data had their limits. 
Most notable was the absence of information regarding fuel 
bed depth and 1-hour fuel loads, two of the most sensitive 
surface fire behavior factors. Lacking empirical values, 
subjective values were selected for both. The inability to 
assign a variable fuel depth and 1-hour fuel load to the 
cover types resulted in fireline intensities that did not 
differ greatly from each other. Realistically, there is 
probably more variation in fireline intensity among the 
cover types than was expressed. 
There were difficulties in analyzing crown fire 
potential over time, as well. Lacking a basis for fuel 
accumulation, the fuel bed remained static during stand 
development. In reality, even as the stand's structure is 
changing over time, so also is the fuel bed lying beneath 
it. It is only logical that stand fuels should be related 
to stand development, and the fact that Brown and See (1981) 
could not find empirical data to support this does not 
necessarily mean that the relationship does not exist. 
A strengthening of the relationships that form the 
underpinnings of this study's methodology will go a long way 
toward improving future efforts at assessing crown fire 
potential. A better understanding of fine fuels, fuel bed 
depths, fuels acciimulation, and the spatial variation of 
surface fuels would improve the accuracy of the crown base 
height and crown bulk density thresholds. The new 
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generation of process-driven forest growth models, with 
their increased emphasis on individual tree structure, 
should more accurately represent the changes to crown base 
height and crown bulk density during stand development than 
existing models. The Van Wagner crown fire model itself, 
the crux of this study, requires further testing for 
validity. 
CONCLUSIONS 
The BEHAVE fire behavior model, PROGNOSIS stand growth 
model, and Van Wagner crown fire theory can be united in a 
sequence that allows for the determination of structures 
resistant to crown fire, and the assessment of crown fire 
potential during stand development. 
For any set of fuel and environmental parameters, 
BEHAVE can be used to determine structural thresholds for 
crown ignition and crown fire spread. For the five cover 
types included in this study, fuels were set at high levels, 
and weather conditions were extreme. 
For the scenarios used, critical crown base heights 
that prevent crown ignition ranged from 7.0 ft (2.1m) for 
the western larch/Douglas-fir type to 8.7 ft (2.7 m) for the 
ponderosa pine type. Hence, maintaining stands with crown 
base heights above roughly 9 feet (2.7 m) will prevent crown 
ignition and nearly all types of crown fire. Critical crown 
bulk densities range from 0.020 lbs/ft^ (0.32 kg/m^) for the 
ponderosa pine type and 0.036 lbs/ft^ (0.58 kg/m^) for the 
western larch/Douglas-fir type. Stands with crown bulk 
densities below these critical values will check crown fire 
spread. 
Once critical structural values are defined, PROGNOSIS 
can be used to contrast them against predicted values as 
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these structural parameters change during stand development. 
PROGNOSIS growth simulations require activation of the 
Canopy Extension for the calculation of crown bulk density. 
A supplementary program is required to process output tree-
list files and calculate crown base height. 
Single-cohort (even-aged) stands of each of the five 
cover types in this study eventually outgrows crown ignition 
potential. This point may come as early as age 50 (western 
larch/Douglas-fir) or as late as age 80 (lodgepole pine). 
Managing stands at a lower density does not appear to 
shorten this period. At higher densities, however, the 
duration of crown ignition potential may extend by 20 to 30 
years. 
All cover types also outgrow crown fire spread 
potential over time. Crown bulk density maximizes early, 
and gradually stabilizes by age 150. The duration of crown 
fire spread potential varies markedly among cover types, 
from 10 years (western larch/Douglas-fir) to 70 years 
(western white pine/grand fir). Changes in density affect 
these trends only minimally, and register a nil effect on 
crown fire spread potential. 
The emphasis of silvicultural treatments should focus 
on crown base height. Combinations of pruning, thinning, 
and prescribed underburning can be conducted to achieve and 
maintain fire-resistant structures in single-cohort stands. 
Guidelines for managing crown fire potential in more complex 
forest structures will require further research. 
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Common Name Scientific Naune 
grand fir Abies grandis (Dougl. ex D. 
Don) Lindl. 
subalpine fir Abies lasciocarpa (Hook.) 
Nutt. 
Douglas-fir Pseudotsuga menziesii var. 
glauca (Biessn.) Franco 
lodgepole pine Pinus contorta var. latifolia 
Engelm. 
ponderosa pine Pinus ponderosa Dougl. ex 
Laws. var. ponderosa 
western white pine Pinus monticola Dougl. ex D. 
Don 
Engelmann spruce Picea engelmannii Parry ex 
Engelm. 
western larch Larix occidentalis Nutt. 
eastern white pine Pinus strobus L. 
j ack pine Pinus banksiana Lamb. 
longleaf pine Pinus palustris Mill. 
red pine Pinus resinosa Ait. 
balsam fir Abies balsamea (L.) Mill. 
black spruce Picea mariana (Mill.) B.S.P 
white spruce Picea glauca (Moench.) Voss. 
giant sequoia Sequoiadendron giganteum 
(Lindl.) Buchholz 
Scientific names based on: 
Burns, R. M., and B. H. Honkala, tech. coords. 1990. 
Silvics of North America: Conifers. USDA For. Serv. 
Ag. Hndbk. No. 654, Vol. 1. 675 p. 
Little, E. L. Jr. 1979. Checklist of United States Trees. 
USDA Ag. Hbk. 541. 375 pp. 
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FUEL MODEL TEST RUN -- USER DEFINED ENVIRONMENTAL INPUTS 
STATIC 99. UNIVERSITY OF MONTANA BYi KEYES 
LOADS. T/AC 
1 HR 2.00 
10 HR 1.10 
100 HR 2.20 
LIVE HERB 0.00 
LIVE WOODY 0.00 
ENVIRONMENTAL 
DATA 
S/V RATIOS, 1/FT 
1 HR 2500. 
LIVE HERB 190. 




HEAT CONTENT. BTU/LB 








FIRE BEHAVIOR RESULTS 
FIRE SLOPE. % 
1 HR FM 4, VARIABLE 15. 30. 45. 
10 HR FM 5. 
100 HR FM 5. ROS (FT/M) 29. 30. 32. 
LIVE HERB FM 90. FL (FEET) 5 . 5 . 5. 
LIVE WOODY FM 90. IR (BTU/SQFT/M) 2299. 2299. 2299. 
WIND, MI/H 9. H/A (BTU/SOFT) 366. 366. 366. 
FLI (BTU/FT/S) 177. 184. 196. 
RUN ANOTHER TABLE? (Y OR N) 
WLDF Svmnnary 
FUEL MODEL TEST RUN -- USER DEFINED ENVIRONMENTAL INPUTS 







2 . 0 0  
1. 75 
2.55 
0 . 0 0  
0  .  00  
S/V RATIOS. 1/FT OTHER 
1 HR 
LIVE HERB 190. 
LIVE WOODY 190. 
SIGMA 1880. 
DEPTH. FT 0.40 
HEAT CONTENT. BTU/LB 8000 
EXT MOISTURE. % 30 




FIRE BEHAVIOR RESULTS 
FIRE SLOPE. % 
1 HR FM 4. VARIABLE 15. 30. 45. 
10 HR FM 5 .  
100 HR FM 5 .  ROS (FT/M) 16. 17. 19. 
LIVE HERB FM 90. FL (FEET) 4. 4. 4 .  
LIVE WOODY FM 90. IR (BTU/SQFT/M) 2257. 2257. 2257. 
WIND, MI/H 9. H/A (BTU/SQFT) 461. 461. 461. 
FLI (BTU/FT/S> 126. 132. 142. 
RUN ANOTHER TABLE? (Y OR N) 
WPGF Siunmary 
FUEL MODEL TEST RUN -- USER DEFINED=ENVIRONMENTAL INPUTS 







2 . 0 0  
1.30 
2 .  2 0  
0 .  0 0  
0 .  0 0  
S/V RATIOS, 1/FT 
1 HR 2000. 
LIVE HERB 190. 
LIVE WOODY 190. 
SIGMA 1905. 
OTHER 
DEPTH, FT 0.40 
HEAT CONTENT, BTU/LB 8000 
EXT MOISTURE, % 30 




FIRE BEHAVIOR RESULTS 
FIRE SLOPE, % 
1 HR FM 4. VARIABLE 15. 30. 45 .  
10 HR FM 5. 
100 HR FM 5. ROS (FT/M) 20. 21. 22, 
LIVE HERB FM 90. FL (FEET) 5 .  5 .  5 .  
LIVE WOODY FM 90. IR (BTU/SQFT/M) 2453. 2453. 2453. 
WIND, MI/H 9. H/A (BTU/SQFT) 494. 494. 494. 
FLI (BTU/FT/S) 163. 171. 184. 
RUN ANOTHER TABLE? (Y OR N) 
LP Summary 
FUEL MODEL TEST RUN -- USER DEFINED ENVIRONMENTAL INPUTS 







2 .  0 0  
1. 40 
2. 40 
0  . 0 0  
0. 00 
S/V RATIOS. 1/FT 
1 HR 2000. 
LIVE HERB 190. 
LIVE WOODY 190. 
SIGMA 1898. 
OTHER 
DEPTH, FT 0.40 
HEAT CONTENT, BTU/LB 8000 
EXT MOISTURE, % 30 




FIRE BEHAVIOR RESULTS 
FIRE SLOPE, % 
1 HR FM 4. VARIABLE 15. 30. 45. 
10 HR FM 5 .  
100 HR FM 5 .  ROS (FT/M) 18. 19. 21. 
LIVE HERB FM 90 .  FL (FEET) 4. 5 .  5 .  
LIVE WOODY FM 90. IR (BTU/SOFT/M) 2377. 2377. 2377. 
WIND, MI/H 9. H/A (BTU/SQFT) 481. 481. 481. 
FLI (BTU/FT/S) 148. 155 .  167, 
RUN ANOTHER TABLE? (Y OR N) 
ESAF Summary 
FUEL MODEL TEST RUN -- USER DEFINED ENVIRONMENTAL INPUTS 







2 . 0 0  
1. 40 
2.30 
0 .  00  
0 .  0 0  
S/V RATIOS, 1/FT 
1 HR 2000. 
LIVE HERB 190. 
LIVE WOODY 190. 
SIGMA 1899. 
OTHER 
DEPTH. FT 0.40 
HEAT CONTENT. BTU/LB 8000 
EXT MOISTURE. % 3 0 




FIRE BEHAVIOR RESULTS 
FIRE SLOPE. % 
1 HR FM 4. VARIABLE 15. 30. 45. 
10 HR FM 5 .  
100 HR FM 5 .  ROS (FT/M) 19. 20. 21. 
LIVE HERB FM 90. FL (FEET) 5 .  5 .  5 .  
LIVE WOODY FM 90. IR (BTU/SQFT/M) 2402. 2402. 2402. 
WIND, MI/H 9. H/A (BTU/SQFT) 486. 486. 486. 
FLI (BTU/FT/S) 153. 160. 172. 
RUN ANOTHER TABLE? (Y OR N) 
APPENDIX C 
Keyword files used in PROGNOSIS growth projections 
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SOOOOOl TEST RUN 
COMMENT 
FIRST COHORT ONLY ON PP AREA. 
NO UNDERSTORY BUILDUP. 






















(T24 , 14 , T1,14,T31,F2.0,II, A3 ,F3.1,F2 .1,T45,F3.0,T63,F3.0,T60 
,F3.1,T48,I1, 
T52,I2,T66,5I1,T54,711) 
TREELIST 0.0 9999 9999. 
PROCESS 
STOP 
500.0 0.0 1.0 
250.0 0.0 0.0 15.0 












SOOOOOl TEST RUN 
COMMENT 
FIRST COHORT ONLY ON WLDF AREA. 
NO UNDERSTORY BUILDUP. 






















(T24,14,T1,14,T31,F2.0,II, A3 ,F3.1,F2.1,T45,F3.0,T63,F3.0,T60 
,F3.1,T48,II, 
T52,I2,T66,5I1,T54,711) 
TREELIST 0.0 9999 9999. 
PROCESS 
STOP 
500.0 0.0 1.0 













SOOOOOl TEST RUN 
COMMENT 
FIRST COHORT ONLY ON WPGF AREA. 
NO UNDERSTORY BUILDUP. 
IDAHO PANHANDLE NF, ABGR-CLUN, 4200 FT EL. 
END 
DESIGN -500.0 500.0 0.0 1.0 







BURNPREP 1910.0 90.0 
PLANT 1910.0 1.0 79.0 
PLANT 1910.0 2.0 4.0 
PLANT 1910.0 3.0 27.0 
PLANT 1910.0 4.0 636.0 
PLANT 1910.0 7.0 5.0 
PLANT 1910.0 8.0 13.0 
PLANT 1910.0 9.0 4.0 
PLANT 1920.0 1.0 18.0 
PLANT 1920.0 2.0 1.0 
PLANT 1920.0 3.0 6.0 
PLANT 1920.0 4.0 308.0 
PLANT 1920.0 7.0 1.0 
PLANT 1920.0 8.0 2.0 






(T24 , 14 , T1, 14 , T31, F2 . 0 , II, A3 , F3 .1, F2 .1, T45, F3 . 0 , T63 , F3 . 0, T60 
,F3.1,T48, II, 
T52,I2,T66,5I1,T54,711) 








SOOOOOl TEST RUN 
COMMENT 
FIRST COHORT ONLY ON LP AREA. 
NO UNDERSTORY BUILDUP. 
























(T24 , 14 , T1, 14 , T31, F2 . 0 , II, A3 , F3 .1, F2 .1, T45 , F3 . 0 , T63 , F3 . 0 , T60 
,F3.1,T48,I1, 
T52,I2,T66,5I1,T54,7I1) 
TREELIST 0.0 9999 9999. 
PROCESS 
STOP 
500.0 0.0 1.0 















SOOOOOl TEST RUN 
COMMENT 
FIRST COHORT ONLY ON ESAF AREA. 
NO UNDERSTORY BUILDUP. 
BEAVERHEAD NF, ABLA-MEFE, 
END 
0 500.0 0.0 
0 670.0 0.0 

















































8 . 0 
9.0 
4 . 0 
24.0 











0 . 0  30.0 
0 , II, A3,F3.1,F2.1,T45,F3.0,T63,F3.0,T60 
9999 9999. 
APPENDIX D1 
PROGNOSIS stand growth projections; 
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SUMMARY STATISTICS (BASED ON TOTAL STAND AREA) 
START OF SIMULATION PERIOD REMOVALS/ACRE AFTER TREATMENT GROWTH 
CU pj 
TREES TOP TOTAL TREES TOTAL MERCH TOP PER YR 
/ACRE BA SDI HT QMD CU FT /ACRE CU FT BD FT BA SDI HT QMD ACC MOR 
0 0 0 0 0 . 0 0 0 0 0 0 0 0 0. 0 0 0 
269 1 6 10 1. 0 0 " 0 0 0 1 6 10 1. 0 39 0 
363 37 93 36 4. 3 394 0 0 0 37 93 36 4. 3 123 1 
357 91 193 58 6. 8 1623 0 0 0 91 193 58 6 . 8 161 8 
337 134 261 71 8. 5 3147 0 0 0 134 261 71 8. 5 183 25 
307 166 305 83 10. 0 4728 0 0 0 166 305 83 10. 0 175 43 
276 187 328 91 11. 1 6044 0 0 0 187 328 91 11. 1 166 57 
248 201 340 98 12. 2 7127 0 0 0 201 340 98 12. 2 165 69 
222 211 345 103 13 . 2 8089 0 0 0 211 345 103 13. 2 160 76 
199 218 348 109 14. 1 8936 0 0 0 218 348 109 14. 1 150 78 
181 223 347 113 15 . 0 9652 0 0 0 223 347 113 15 . 0 151 84 
164 227 345 117 15 . 9 10327 0 0 0 227 345 117 15 . 9 143 85 
149 229 342 120 16. 8 10906 0 0 0 229 342 120 16. 8 131 82 
137 231 339 123 17. 6 11396 0 0 0 231 339 123 17. 6 129 84 
126 233 335 126 18. 4 11849 0 0 0 233 335 126 18. 4 128 85 












2 0 0 0  
2 0 1 0  























SUMMARY STATISTICS (BASED ON TOTAL STAND AREA) 
START OF SIMULATION PERIOD REMOVALS/ACRE AFTER TREATMENT 
TREES TOP TOTAL TREES TOTAL MERCH TOP 
/ACRE BA SDI HT QMD CU FT /ACRE CU FT BD FT BA SDI HT QMD 
0 0 0 0 0. 0 0 0 0 0 0 0 0 0. 0 
538 1 7 9 0 . 7 0 " 0 0 0 1 7 9 0. 7 
729 14 50 25 1. 9 79 0 0 0 14 50 25 1. 9 
6S2 40 113 39 3. 3 455 0 0 0 40 113 39 3 . 3 
613 75 184 49 4. 7 1092 0 0 0 75 184 49 4. 7 
549 112 249 58 6. 1 1932 0 0 0 112 249 58 6. 1 
487 141 292 64 7. 3 2719 0 0 0 141 292 64 7. 3 
426 162 318 70 8. 3 3426 0 0 0 162 318 70 8. 3 
369 178 334 76 9. 4 4110 0 0 0 178 334 76 9. 4 
318 188 338 82 10. 4 4634 0 0 0 188 338 82 10. 4 
273 193 336 86 11. 4 5077 0 0 0 193 336 86 11. 4 
236 197 331 90 12. 4 5473 0 0 0 197 331 90 12. 4 
205 199 325 94 13 . 4 5814 0 0 0 199 325 94 13 . 4 
178 200 318 97 14. 4 6133 0 0 0 200 318 97 14. 4 
156 201 310 100 15 . 3 6400 0 0 0 201 310 100 15. 3 










2 0 0 0  
























SUMMARY STATISTICS (BASED ON TOTAL STAND AREA) 
START OF SIMULATION PERIOD REMOVALS/ACRE AFTER TREATMENT 
TREES TOP TOTAL TREES TOTAL MERCH TOP 
/ACRE BA SDI HT QMD CU FT /ACRE CU FT BD FT BA SDI HT QMD 
0 0 0 0 0. 0 0 0 0 0 0 0 0 0. 0 
768 1 3 7 0. 4 0 " 0 0 0 1 3 7 0. 4 
967 9 35 23 1. 3 47 0 0 0 9 35 23 1. 3 
826 31 96 41 2. 6 355 0 0 0 31 96 41 2. 6 
712 70 180 56 4. 3 1136 0 0 0 70 180 56 4. 3 
611 128 283 65 6. 2 2526 0 0 0 128 283 65 6. 2 
523 183 366 73 8. 0 4244 0 0 0 183 366 73 8. 0 
448 228 423 81 9. 7 6100 0 0 0 228 423 81 9. 7 
380 257 451 89 11. 1 775 5 0 0 0 257 451 89 11. 1 
320 275 460 98 12. 5 9175 0 0 0 275 460 98 12. 5 
270 288 462 106 14. 0 10562 0 0 0 288 462 106 14. 0 
229 298 459 112 15 . 4 11893 0 0 0 298 459 112 15 . 4 
195 302 450 118 16. 9 12992 0 0 0 302 450 118 16. 9 
168 306 441 122 18. 3 13991 0 0 0 306 441 122 18. 3 
145 311 434 127 19. 8 15050 0 0 0 311 434 127 19. 8 










2 0 0 0  
2 0 1 0  





SUMMARY STATISTICS (BASED ON TOTAL STAND AREA) 




BA SDI HT 
TOTAL TREES TOTAL MERCH 
QMD CU FT /ACRE CU FT BD FT 
AFTER TREATMENT GROWTH 
CU FT 
TOP PER YR 
BA SDI HT QMD ACC MOR 
0 0 0 0 0 . 0 0 0 0 0 0 0 0 0. 0 0 0 
713 1 7 9 0. 6 0 0 0 0 1 7 9 0. 6 21 0 
1042 24 80 30 2. 0 209 0 0 0 24 80 30 2. 0 93 1 
978 71 194 39 3 . 7 1131 0 0 0 71 194 39 3 . 7 101 7 
895 110 270 44 4. 7 2068 0 0 0 110 270 44 4. 7 111 24 
773 140 318 49 5 . 8 2940 0 0 0 140 318 49 5 . 8 117 38 
656 162 347 54 6. 7 3734 0 0 0 162 347 54 6. 7 117 49 
554 178 362 59 7. 7 4417 0 0 0 178 362 59 7. 7 118 60 
466 189 366 64 8. 6 4997 0 0 0 189 366 64 8. 6 116 68 
392 196 364 69 9. 6 5478 0 0 0 196 364 69 9. 6 110 71 
333 200 359 73 10. 5 5867 0 0 0 200 359 73 10 . 5 98 74 
282 199 347 76 11. 4 6102 0 0 0 199 347 76 11. 4 96 78 
239 198 334 80 12. 3 6278 0 0 0 198 334 80 12. 3 94 77 
204 197 323 83 13 . 3 6454 0 0 0 197 323 83 13 . 3 84 73 
176 196 311 85 14. 3 6573 0 0 0 196 311 85 14. 3 78 73 
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SUMMARY STATISTICS (BASED ON TOTAL STAND AREA) 
START OF SIMULATION PERIOD REMOVALS/ACRE AFTER TREATMENT 
TREES TOP TOTAL TREES TOTAL MERCH TOP 
/ACRE BA SDI HT QMD CU FT /ACRE CU FT BD FT BA SDI HT QMD 
0 0 0 0 0. 0 0 0 0 0 0 0 0 0. 0 
773 0 2 7 0. 3 0 0 0 0 0 2 7 0. 3 
1075 15 55 21 1. 6 112 0 0 0 15 55 21 1. 6 
1010 64 178 32 3 . 4 707 0 0 0 64 178 32 3. 4 
942 125 302 40 4. 9 1591 0 0 0 125 302 40 4. 9 
858 188 412 48 6. 3 2714 0 0 0 188 412 48 6. 3 
766 235 483 55 7. 5 3796 0 0 0 235 483 55 7. 5 
673 269 524 62 8. 6 4776 0 0 0 269 524 62 8. 6 
586 292 544 68 9. 6 5661 0 0 0 292 544 68 9. 6 
514 306 550 72 10. 4 6365 0 0 0 306 550 72 10. 4 
450 316 550 75 11. 3 7036 0 0 0 316 550 75 11. 3 
395 322 544 80 12. 2 7636 0 0 0 322 544 80 12. 2 
349 323 533 84 13. 0 8105 0 0 0 323 533 84 13 . 0 
308 324 521 88 13. 9 8578 0 0 0 324 521 88 13 . 9 
274 325 511 92 14 . 7 9043 0 0 0 325 511 92 14. 7 
244 325 499 95 15 . 6 9453 0 0 0 325 499 95 15 . 6 
APPENDIX D2 
PROGNOSIS stand growth projections; 

















SUMMARY STATISTICS (BASED ON TOTAL STAND AREA) 
START OF SIMULATION PERIOD REMOVALS/ACRE AFTER TREATMENT GROWTH 
CU FT 
TREES TOP TOTAL TREES TOTAL MERCH TOP PER YR 
/ACRE BA SDI HT QMD CU FT /ACRE CU FT BD FT BA SDI HT QMD ACC MOR 
0 0 0 0 0. 0 0 0 0 0 0 0 0 0. 0 0 0 
135 1 3 8 1. 0 0 0 0 0 1 3 8 1. 0 23 0 
183 21 51 34 4. 6 229 0 0 0 21 51 34 4. 6 82 0 
182 54 111 58 7. 4 1047 0 0 0 54 111 58 7 . 4 128 2 
177 86 161 74 9. 4 2304 0 0 0, 86 161 74 9. 4 160 9 
170 117 204 86 11. 2 3818 0 0 0 117 204 86 11. 2 162 20 
160 141 234 96 12. 7 5246 0 0 0 141 234 96 12. 7 162 32 
150 160 256 104 14. 0 6541 0 0 0 160 256 104 14. 0 170 46 
139 176 273 110 15 . 3 7780 0 0 0 176 273 110 15 . 3 152 53 
129' 188 283 115 16. 3 8768 0 0 0 188 283 115 16. 3 146 60 
119 196 289 120 17. 4 9625 0 0 0 196 289 120 17. 4 137 64 
111 203 293 124 18. 3 10360 0 0 0 203 293 124 18. 3 135 68 
103 209 295 127 19. 3 11023 0 0 0 209 295 127 19. 3 127 70 
96 213 296 130 20. 1 11594 0 0 0 213 296 130 20. 1 124 71 
90 216 295 132 21. 0 12119 0 0 0 216 293 132 21. 0 115 72 





































SUMMARY STATISTICS (BASED ON TOTAL STAND AREA) 
START OF SIMULATION PERIOD REMOVALS/ACRE AFTER TREATMENT 
TREES TOP TOTAL TREES TOTAL MERCH TOP 
/ACRE BA SDI HT QMD CU FT /ACRE CU FT BD FT BA SDI HT QMD 
0 0 0 0 0. 0 0 0 0 0 0 0 0 0. 0 
270 1 3 9 0. 7 0 0 0 0 1 3 9 0. 7 
367 7 26 23 1. 9 41 0 0 0 7 26 23 1. 9 
345 23 63 40 3 . 5 271 0 0 0 23 63 40 3 . 5 
318 47 110 51 5 . 2 725 0 0 0 47 110 51 5 . 2 
299 74 158 61 6. 7 1383 0 0 0 74 158 61 6. 7 
280 99 197 68 8. 0 2093 0 0 0 99 197 68 8. 0 
259 119 226 74 9. 2 2788 0 0 0 119 226 74 9. 2 
236 137 247 80 10. 3 3457 0 0 0 137 247 80 10. 3 
212' 149 259 85 11. 3 4013 0 0 0 149 259 85 11. 3 
189 157 265 90 12. 4 4506 0 0 0 157 265 90 12. 4 
169 164 268 94 13. 3 4930 0 0 0 164 268 94 13. 3 
150 169 268 98 14. 3 5313 0 0 0 169 268 98 14. 3 
134 172 266 101 15 . 3 5659 0 0 0 172 266 101 15 . 3 
120 174 263 104 16. 3 5923 0 0 0 174 263 104 16. 3 










2 0 0 0  
2 0 1 0  






















SUMMARY STATISTICS (BASED ON TOTAL STAND AREA) 
START OF SIMULATION PERIOD REMOVALS/ACRE AFTER TREATMENT 
TREES TOP TOTAL TREES TOTAL MERCH TOP 
/ACRE BA SDI HT QMD CU FT /ACRE CU FT BD FT BA SDI HT QMD 
0 0 0 0 0 . 0 0 0 0 0 0 0 0 0. 0 
388 0 1 7 0. 4 0 0 0 0 0 1 7 0. 4 
510 5 21 20 1. 4 28 0 0 0 5 21 20 1. 4 
453 20 59 40 2. 8 233 0 0 0 20 59 40 2. 8 
396 48 117 53 4. 7 782 0 0 d' 48 117 53 4. 7 
353 91 193 62 6. 9 1836 0 0 0 91 193 62 6. 9 
320 148 280 74 9. 2 3506 0 0 0 148 280 74 9. 2 
290 199 349 83 11. 2 5489 0 0 0 199 349 83 11 . 2 
258 240 396 92 13 . 1 7554 0 0 0 240 396 92 13 . 1 
226 267 420 98 14. 7 9339 0 0 0 267 420 98 14. 7 
198 283 428 103 16. 2 10808 0 0 0 283 428 103 16. 2 
173 295 431 110 17. 7 12233 0 0 0 295 431 110 17. 7 
151 304 431 115 19. 2 13553 0 0 0 304 431 115 19. 2 
133 309 425 121 20. 7 14616 0 0 0 309 425 121 20. 7 
117 313 419 126 22. 1 15593 0 0 0 313 419 126 22. 1 










2 0 0 0  
2 0 1 0  























SUMMARY STATISTICS (BASED ON TOTAL STAND AREA) 
START OF SIMULATION PERIOD REMOVALS/ACRE AFTER TREATMENT 
TREES TOP TOTAL TREES TOTAL MERCH TOP 
/ACRE BA SDI HT QMD CU FT /ACRE CU FT BD FT BA SDI HT QMD 
0 0 0 0 0. 0 0 0 0 0 0 0 0 0. 0 
357 1 3 7 0. 5 0 0 0 0 1 3 7 0. 5 
524 11 39 26 2. 0 96 0 0 0 11 39 26 2. 0 
495 43 112 42 4. 0 729 0 0 0 43 112 42 4 . 0 
470 69 163 48 5 . 2 1395 0 0 0 69 163 48 5 . 2 
426 92 202 54 6. 3 2094 0 0 0 92 202 54 6. 3 
379 114 234 60 7. 4 2839 0 0 0 114 234 60 7. 4 
337 132 257 65 8. 5 3533 0 0 0 132 257 65 8. 5 
297 144 270 70 9. 4 4100 0 0 0 144 270 70 9. 4 
259 154 277 74 10. 4 4591 0 0 0 154 277 74 10. 4 
225 160 278 77 11. 4 4988 0 0 0 160 278 77 11. 4 
196 165 277 80 12. 4 5336 0 0 0 165 277 80 12. 4 
171 168 274 83 13 . 4 5594 0 0 0 168 274 83 13 . 4 
150 168 267 86 14 . 4 5768 0 0 0 168 267 86 14. 4 
131 168 260 88 15 . 4 5903 0 0 0 168 260 88 15 . 4 











2 0 1 0  





SUMMARY STATISTICS (BASED ON TOTAL STAND AREA) 
START OF SIMULATION PERIOD REMOVALS/ACRE AFTER TREATMENT GROWTH 
CU FT 
TREES TOP TOTAL TREES TOTAL MERCH TOP ,PER YR 
/ACRE BA SDI HT QMD CU FT /ACRE CU FT BD FT BA SDI HT QMD'ACC MOR 
0 0 0 0 0 . 0 0 0 0 0 0 0 0 0. 0 0 0 
387 0 1 6 0. 3 0 0 0 0 0 1 6 0. 3 6 0 
543 8 28 19 1. 6 58 0 0 0 8 28 19 1. 6 37 0 
513 37 100 32 3 . 6 424 0 0 0 37 100 32 3 . 6 70 1 
490 81 188 43 5 . 5 1111 0 0 0 81 188 43 5 . 5 101 4 
467 131 273 50 7. 2 2080 0 0 0 131 273 50 7 . 2 123 11 
437 179 347 57 8. 7 3195 0 0 0 179 347 57 8. 7 133 22 
404 218 400 64 9. 9 4303 0 0 0 218 400 64 9. 9 142 35 
368 249 436 69 11. 1 5368 0 0 0 249 436 69 11. 1 136 46 
333 270 457 75 12. 2 6273 0 0 0 270 457 75 12. 2 136 56 
300 285 468 81 13. 2 7078 0 0 0 285 468 81 13 . 2 136 64 
270 295 471 85 14. 2 7796 0 0 0 295 471 85 14. 2 129 67 
244 303 471 90 15 . 1 8420 0 0 0 303 471 90 15 . 1 132 74 
220 308 468 94 16. 0 9000 0 0 0 308 468 94 16. 0 124 73 
199 311 463 98 16. 9 9507 0 0 0 311 463 98 16. 9 122 77 
181 313 456 102 17. 8 9959 0 0 0 313 456 102 17 . 8 0 0 
APPENDIX D3 
PROGNOSIS Stand growth projections; 
High Density scenario 
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SUMMARY STATISTICS (BASED ON TOTAL STAND AREA) 
START OF SIMULATION PERIOD REMOVALS/ACRE AFTER TREATMENT GROWTH 
CU FT 
TREES TOP TOTAL TREES TOTAL MERCH TOP PER YR 
YEAR /ACRE BA SDI HT QMD CU FT /ACRE CU FT BD FT BA SDI HT QMD ACC MOR 
1910 0 0 0 0 0. 0 0 0 0 0 0 0 0 0. 0 0 0 
1920 538 3 13 11 1. 0 0 0 0 0 3 13 11 1. 0 77 0 tJ 
1930 726 70 179 40 4. 2 770 0 0 0 70 179 40 4. 2 165 3 
1940 691 140 311 61 6. 1 2388 0 0 0 140 311 61 6. 1 184 26 CO 
1950 607 184 379 75 7. 5 3973 0 0 ,.0 184 379 75 7 . 5 179 52 
1960 518 207 403 84 8. 6 5246 0 0 0 207 403 84 8. 6 164 66 1 
1970 442 219 408 89 9. 5 6223 0 0 0 219 408 89 9. 5 170 79 
pi 
1980 375 226 406 96 10. 5 7133 0 0 0 226 406 96 10. 5 175 89 
1990 321 231 401 101 11. 5 7995 0 0 0 231 401 101 11. 5 164 92 
2000 279 235 395 105 12. 4 8721 0 0 0 235 395 105 12. 4 149 89 
2010 246 237 388 109 13 . 3 9321 0 0 0 237 388 109 13 . 3 146 91 
2020 219 239 381 112 14. 1 9875 0 0 0 239 381 112 14 . 1 148 93 
2030 196 240 374 116 15 . 0 10421 0 0 0 240 374 116 15 . 0 144 94 
2040 176 241 367 119 15. 8 10924 0 0 0 241 367 119 15 . 8 152 100 
2050 158 241 360 122 16. 7 11443 0 0 0 241 360 122 16. 7 136 92 





2 6  
63 




2 0 2  
2 0 8  
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SUMMARY STATISTICS (BASED ON TOTAL STAND AREA) 
SIMULATION PERIOD REMOVALS/ACRE AFTER TREATMENT 
TOP TOTAL TREES TOTAL MERCH TOP 
SDI HT QMD CU FT /ACRE CU FT BD FT BA SDI HT QMD 
0 0 0.0 0 0 0 0 0 0 0 0 . 0 
14 10 0. 7 0 0 0 0 3 14 10 0 . 7 
93 25 1.8 135 0 0 0 26 93 25 1. 8 
188 37 2.9 659 0 0 0 63 188 37 2.9 
280 45 4.2 1407 0 0 0 108 280 45 4.2 
349 52 5 . 3 2263 0 0 0 149 349 52 5 . 3 
385 60 6.4 3032 0 0 0 177 385 60 6. 4 
395 67 7.5 3678 0 0 0 193 395 67 7.5 
393 72 8.5 4237 0 0 0 202 393 72 8.5 
388 79 9.6 4771 0 0 0 208 388 79 9.6 
379 83 10.6 5226 0 0 0 212 379 83 10.6 
369 88 11.6 5606 0 0 0 214 369 88 11.6 
358 91 12.6 5925 0 0 0 215 358 91 12.6 
346 94 13.6 6191 0 0 0 214 346 94 13 . 6 
336 97 14.6 6449 0 0 0 213 336 97 14.6 











2 0 0 0  
2 0 1 0  
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SUMMARY STATISTICS (BASED ON TOTAL STAND AREA) 
START OF SIMULATION PERIOD REMOVALS/ACRE AFTER TREATMENT 
TREES TOP TOTAL TREES TOTAL MERCH TOP 
/ACRE BA SDI HT QMD CU FT /ACRE CU FT BD FT BA SDI HT QMD 
0 0 0 0 0. 0 0 „ 0 0 0 0 0 0 0. 0 
1536 1 8 9 0. 4 0 0 0 0 1 8 9 0. 4 
1941 18 73 25 1. 3 97 0 0 0 18 73 25 1. 3 
1644 56 176 42 2. 5 606 0 0 0 56 176 42 2. 5 
1371 111 295 54 3 . 8 1628 0 0 0 111 295 54 3 . 8 
1099 177 413 63 5 . 4 3281 0 0 0 177 413 63 5 . 4 
858 232 489 73 7. 0 5169 0 0 0 232 489 73 7. 0 
669 266 519 84 8. 5 6873 0 0 0 266 519 84 8. 5 
522 285 523 94 10. 0 8401 0 0 0 285 523 94 10. 0 
410 298 516 99 11. 5 9851 0 0 0 298 516 99 11. 5 
328 305 503 108 13 . 1 mil 0 0 0 305 503 108 13 . 1 
267 311 490 113 14. 6 12340 0 0 0 311 490 113 14 . 6 
221 315 477 119 16. 2 13478 0 0 0 315 477 119 16. 2 
185 316 461 124 17. 7 14389 0 0 0 316 461 124 17. 7 
158 316 447 128 19. 1 15227 0 0 0 316 447 128 19. 1 












2 0 1 0  
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SUMMARY STATISTICS (BASED ON TOTAL STAND AREA) 
START OF SIMULATION PERIOD REMOVALS/ACRE AFTER TREATMENT 
TREES TOP TOTAL TREES TOTAL MERCH TOP 
/ACRE BA SDI HT QMD CU FT /ACRE CU FT BD FT BA SDI HT QMD 
0 0 0 0 0 . 0 0 0 0 0 0 0 0 0 . 0 
1426 3 16 9 0. 6 0 0 0 0 3 16 9 0 . 6 
2075 41 144 29 1. 9 343 0 0 0 41 144 29 1. 9 
1906 109 311 39 3 . 2 1590 0 0 0 109 311 39 3 . 2 
1647 153 397 45 4. 1 2617 0 0 0 153 397 45 4. 1 
1311 177 427 50 5 . 0 3413 0 0 0 177 427 50 5 . 0 
1037 192 435 53 5 . 8 4091 0 0 0 192 435 53 5 . 8 
827 200 429 56 6. 7 4648 0 0 0 200 429 56 6. 7 
663 205 420 61 7. 5 5159 0 0 0 205 420 61 7 . 5 
541 205 404 65 8. 3 5501 0 0 0 205 404 65 8. 3 
441 205 387 70 9. 2 5808 0 0 0 205 387 70 9. 2 
365 204 372 73 10. 1 6082 0 0 0 204 372 73 10. 1 
305 202 356 76 11. 0 6275 0 0 0 202 356 76 11. 0 
257 199 340 79 11. 9 6397 0 0 0 199 340 79 11. 9 
218 195 324 82 12. 8 6480 0 0 0 195 324 82 12. 8 










2 0 0 0  
2 0 1 0  























SUMMARY STATISTICS (BASED ON TOTAL STAND AREA) 
START OF SIMULATION PERIOD REMOVALS/ACRE AFTER TREATMENT 
TREES TOP TOTAL TREES TOTAL MERCH TOP 
/ACRE BA SDI HT QMD CU FT /ACRE CU FT BD FT BA SDI HT QMD 
0 0 0 0 0.0 0 0 0 0 0 0 0 0 . 0 
1546 1 6 7 0.3 0 0 0 0 1 6 7 0.3 
2141 28 105 22 1. 5 216 0 0 0 28 105 22 1.5 
1993 107 310 32 3 . 1 1158 0 0 0 107 310 32 3.1 
1805 193 488 37 4.4 2335 0 0 0 193 488 37 4.4 
1518 256 590 45 5 . 6 3415 0 0 0 256 590 45 5 . 6 
1255 290 630 52 6.5 4263 0 0 0 290 630 52 6.5 
1033 312 643 57 7 . 4 5039 0 0 0 312 643 57 7 . 4 
857 325 639 61 8.3 5707 0 0 0 325 639 61 8.3 
718 333 629 67 9.2 6350 0 0 0 333 629 67 9. 2 
607 336 614 72 10. 1 6911 0 0 0 336 614 72 10. 1 
518 337 596 77 10.9 7435 0 0 0 337 596 77 10.9 
446 337 579 82 11.8 7934 0 0 0 337 579 82 11.8 
389 337 563 86 12.6 8380 0 0 0 337 563 86 12.6 
340 337 549 89 13 . 5 8859 0 0 0 337 549 89 13.5 
301 336 534 93 14.3 9271 0 0 0 336 534 93 14.3 
APPENDIX E 
Source code for the fortran program 
which processes PROGNOSIS output tree list 
to generate stand crown base height (CBH) 
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Source Code for keyes.exe 
$DEBUG 
C 
C THIS PROGRAM DOES CHRIS' WORK 













C Read input filename from screen 
90 WRITE{*,100) 
100 FORMAT(' ENTER INPUT FILENAME <and path if necessary>==> ' 
READ(*,'{A40)',ERR=910) FNAME 
IF(FNAME.EQ.' ') GOTO 910 !trap any errors with filename 
92 WRITE{*,200) 
200 FORMAT(' ENTER FMC ==> ' \) 
READ(*,'(14)',ERR=920) FMC 
C Open input and output files 
OPEN(1,FILE=FNAME,STATUS='OLD') 
OPEN(3,FILE='TABLE.OUT',STATUS='UNKNOWN') 
C Read in the data 
DO WHILE (.NOT.EOF(l)) 
NR=NR + 1 
READ(1,1000) CHARID, CARD 
1000 FORMAT(A3,A13 0) 
IF(CHARID.EQ.' -9') THEN 
NB=0 
ND=ND + 1 
READ(CARD,2000) YEAR(ND), PSTAT(ND) 
2000 FORMAT{T14,14,T61,A1) 
WRITE(*,2500) YEAR(ND), PSTAT{ND) 
2500 FORMAT{' READING YEAR ',14,5X,'STATUS ',A1) 
ELSE 
NB=NB + 1 
READ(CARD,3000) TREE(ND,NB), ISP(ND,NB), TPA(ND,NB), 







ELSE IF(ISP(ND,NB).EQ.4 .AND. IFLAG.GE.2) THEN 
IFLAG=2 
ISPPSUB=4 
ELSE IF{ISP(ND,NB).EQ.3 .AND. IFLAG.GE.3) THEN 
IFLAG=3 
ISPPSUB=3 
ELSE IF(ISP(ND,NB).EQ.IO .AND. IFLAG.GE.4) THEN 
IFLAG=4 
ISPPSUB=10 











C Process live crovm heights and find fire variables 
CALL LIVECR{ ) 
WRITE{*,*) 
WRITE{*,*) 'FINISHED WRITING OUTPUT!' 
WRITE (*,*) 'OUTPXJT LOCATED IN = = > TABLE.OUT' 
WRITE(*,*) 
9999 STOP 'PROGRAM FINISHED!' 
C Error trapping statements 
910 WRITE(*,*) 'INPUT FILENAME INCORRECT. PLEASE TRY AGAIN!!!' 
GOTO 90 
920 WRITE{*,*) 'FMC INCORRECT. PLEASE TRY AGAIN!!!' 
GOTO 92 
END 
. SUBROUTINE LIVECR( ) 
C 





WRITE{*,*) 'PROGRAM RUNNING...' 
WRITE(*,*) 
C Process live tree records 
c DO 10 1=1,ND !period loop 
DO 10 1=2,ND !period loop 
DO 20 J=1,MAX_NB !tree loop 
c IFdSPd, J) .EQ.ISPPSUB) THEN !use for spp priority 
IF(HT(I,J).GT.4.5) THEN !use for all trees >4. 
NC=NC + 1 
TMPLCH(NC)=HT(I,J) - (HT(I,J) * (CR(I,J)/lOO.)) 
NLCH=NC 




C Sort the live crown heights {ascending order) 
CALL IDSORT(NLCH,TMPLCH,INDEX,.TRUE.) 
C Find the 10th perctile of Ich 
WRITE(*,*) 'NUMBER OF TREES IN CALCULATION= ',NLCH 
L=NINT(NLCH * 0.1) 
LCH10=TMPLCH(INDEX(L)) 
C Calculate Ro and lo 
FIV=(0.0030976 * LCHIO * (197,.9 + 11.186*FMC)) ** 1.5 
C R0= 
CALL OUTPUT(lOUTFLG,I,LCHIO,FIV) 
C Zero the accumulators 
NC=0 
NLCH=0 
DO 30 J=1,MAX_NB !tree loop 
TMPLCH(J)=0.0 
3 0 CONTINUE 






C WRITE DIAMETER CLASS DATA TO THE OUTPUT FILE 
C 
INTEGER lOUTFLG, I 
REAL LCHIO, FIV 
C Write tree records to output file 
IF(lOUTFLG.EQ.1) THEN 
WRITE(3,1000) 
1000 FORMAT(3X,'PERIOD',5X,'LCH lOTH PERC,5X,' FIV ') 
IOUTFLG=0 
ENDIF 




SUBROUTINE IDSORT (N,A,INDEX,LSEQ) 
C 
C **IDSORT DATE OF LAST REVISION: 10:35:00 02/10/87 
C 
c 
C CHARACTER*4 INDEX SORT. 
C 
C IDSORT USES THE VECTOR INDEX TO INDIRECTLY ADDRESS THE ARRAY A. 
C THE FIRST N ELEMENTS OF THE ARRAY INDEX REPRESENT INDICES OF 
C ELEMENTS OF ARRAY A TO BE SORTED OVER. THE FIRST N ELEMENTS OF THE 
114 
C INDEX ARRAY ARE REARRANGED SUCH THAT FOR EACH I FROM 1 TO N-1, 
C A(INDEX{I)) IS LESS THAN A(INDEX(I+1)). THE PHYSICAL ARRANGEMENT 
C OF ARRAY A IS NOT ALTERED. 
C 
C IF LSEQ IS PASSED IN AS TRUE, THE VECTOR INDEX IS INITIALLY LOADED 
C WITH VALUES FROM 1 TO N INCLUSIVE. THIS SORTS OVER THE FIRST 
C N ELEMENTS OF ARRAY A. 
C 
C IF LSEQ IS PASSED IN AS FALSE, THE FIRST N ELEMENTS OF INDEX ARE 
C ASSUMED TO BE THE INDICES OF A TO BE SORTED OVER. 
C 
C 
C THIS ALGORITHM IS AN ADAPTATION OF THE TECHNIQXJE DESCRIBED IN: 
C 
C SCOWEN, R.A. 1965. ALGORITHM 271; QUICKERSORT. COMM ACM. 






INTEGER INDEX, IPUSH, IL, IP, lU, INDIL, INDIP, INDIU, INDKL, INDKU, 






C LOAD IND WITH VALUES FROM 1 TO N. 
C 
IF (LSEQ) THEN 













3 0 CONTINUE 
IF(IU.LE.IL) GO TO 40 
INDIL=INDEX(IL) 
INDIU=INDEX(lU) 
IF(IU.GT.IL+1) GO TO 50 



















IF(KL.GT.KU) GO TO 90 
INDKL=INDEX(KL) 
IF(A(INDKL).LE.T) GO TO 60 
70 CONTINUE 
INDKU=INDEX(KU) 
IF(KU.LT.KL) GO TO 100 
IF(A(INDKU).LT.T) GO TO 80 
KU=KU-1 
























GO TO 3 0 
END 
116 
Inclusion file keyes.f77 (utilized by keyes.exe) 
c 
C THIS IS A FILE OF THE VARIABLES FOR KEYES.FOR 





INTEGER SIZE, NPD 
PARAMETER (NPD=3 0) !maximum number of periods 
PARAMETER (SIZE=5000) !maximum number of trees 
CHARACTER*! PSTAT(NPD) 
INTEGER lOUTFLG, ISPPSUB, FMC 
INTEGER PERIOD(NPD,SIZE), INDEX(SIZE) 
INTEGER YR(NPD,SIZE), ISP(NPD,SIZE), TREE(NPD,SIZE) 
INTEGER YEAR(NPD), NLCH, MAX_NB 
REAL TPA(NPD,SIZE), DBH(NPD,SIZE), HT(NPD,SIZE), CR(NPD,SIZE) 
REAL TMPLCH(SIZE), LCHIO, FIV 
COMMON /PV6CHARS/ PSTAT 
COMMON /PV6VARS/ NR, NP, NB, ND, NLCH, ISPPSUB, lOUTFLG, 
+ TREE, PERIOD, YR, ISP, YEAR, TPA, DBH, HT, CR, 
+ TMPLCH, LCHIO, INDEX, FIV, FMC, MAX_NB 
